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Abstract
Eighteen large-scale tubular columns were tested to investigate the axial load vs. axial
shortening relationship of dented or corroded columns. The purpose of testing large-scale
specimens was to determine how dimensions and residual stresses affect the ultimate strength
and post-ultimate behavior of damaged tubular columns.
In the current program, 11 salvaged and seven newly fabricated column specimens
were tested. The specimens had diameter-to-thickness ratios ranging from 28 to 95. Nine of
the specimens were made with 36 ksi grade steel and the other nine with 50 ksi grade steel.
The specimens had lengths ranging from 22 to 35.4 feet and diameters ranging from 10.4 to
24.5 inches.
All of the fabricated specimens and four of the salvaged specimens were dented at
mid-length with dent depth ranging from 5 % to 15 % of the diameter. Of these specimens,
two were tested with fixed-ends, two with end eccentricity and seven with pinned ends. The
tests of the salvaged seamless specimens and the fabricated cold-rolled and welded specimens
indicated that residual stresses had little effect on the ultimate strength and post-ultimate
behavior of a dented tubular specimen.
The seven remaining salvaged specimens were tested without denting, and of these,
three were corroded, one was badly bent and three were non-corroded.
Several methods were used to analyze the tested specimens. Comparison indicated
that the analytical methods could relatively accurately predict the ultimate strength for dented
columns, but were conservative in estimating their post-ultimate behavior. The analytical
methods also predicted the behavior of the uniformly corroded specimens, but could not
accurately predict the behavior of specimens with localized corrosion, for which local buckling
was the failure mode.
1. INTRODUCTION
The problems of damaged and deteriorated tubular members in offshore platforms
have been recognized for many years. Damage and corrosion reduce both the axial capacity
and the post-ultimate behavior (residual strength) of tubular members. The reduction of
strength of these members must be known in order to evaluate the overall safety of the
platform.
Several researchers have been studying the residual strength of damaged tubular
members. C.S. Smith [6] studied the effect of local dents on 16 quarter-scale specimens.
Rashed [5] tested 21 dented specimens to add to the database, and Veda [12] tested 21
additional small-scale specimens. Taby [8] developed a computer program DENTA based on a
simplified physical model that empirically fit data from 109 small-scale tests. Ellinas [3] used
the results from the published data to formulate a lower bound solution for the ultimate
strength of damaged columns. Padula and Ostapenko [9 and 10] conducted tests on two short
dented specimens with large (D/t), and developed an approximate method for predicting the
load-shortening behavior of dented columns.
The small-scale specimens in the above work were made from drawn tubing, ERW
pipe, or cold-rolled plate. In essentially all cases, the specimens were annealed to remove
residual stresses, before they were tested. Smith [7] conducted large-scale tests on 2 columns
from a retired offshore platform in 1981 and concluded that the companion small-scale tests
approximately duplicated the behavior of the large-scale specimens. However, the results
indicated that the small-scale tests underestimated the ultimate load by as much as 15 percent
and post-ultimate strength by as much as 30 percent. More than two tests were needed to
verify that small-scale experiments could adequately predict the load-response of large-scale
fabricated tubes such as those used in offshore structures.
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In the fabrication process of tubular members, a flat steel plate is cold-rolled into cans
and the cans are butt-welded to form a column. Cold-rolling and welding induce residual
stresses. When a column with residual stresses is compressed, the areas of compressive residual
stress yield first. The analytical understanding of the behavior of a dented fabricated tubular
column is further complicated by factors such as strain hardening, local plastification of the
cross section, and growth of the dent. By testing dented cold-rolled fabricated specimens, the
effects of fabrication on the ultimate strength of the dented member can be explored.
In the current program, 11 salvaged and seven newly fabricated column specimens
were tested. The specimens had diameter-to-thickness ratios ranging from 28 to 95. Nine of
the specimens were made from 36 ksi grade steel and the other nine from 50 ksi grade steel.
The specimens had lengths ranging from 22 to 3504 feet, and diameters ranging from lOA to
24.5 inches.
The 11 salvaged specimens were divided into four groups depending on the column
slenderness (L/r) and the diameter-to-thickness ratio (D/t). The salvaged columns in each
group were given a letter designation to specify the testing conditions of the specimen. The
letter 'B' for Specimen B3 indicated that the specimen was bent and the number specified it
was a member of group 3. The letter 'c' for Specimen C2 indicated that the column was
corroded. The letter 'D' for Specimen D3 indicated that the column was to be dented before
the axial test. The letter 'E' for Specimen E3 specified that the column was to be dented and
tested with a 25% end eccentricity. The letter'S' for Specimen S3 indicated that the column
was straight and had no corrosion and served as a bench mark for evaluating the reduction of
strength due to damage or corrosion.
The fabricated column specimens were also given number and letter designations to
identify them. The specimens were divided into 4 groups based on the (D/t) ratio of the
column. Letters 'P' and 'F' were used to designate pinned or fixed ends (Groups 1 and 2),
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and, letters 'A' and 'B' designated different dent depths (Group 3). All of the fabricated
specimens were dented at mid-length for testing under axial load.
A description of the project work is detailed in the following chapters. Chapters 2
through 6 describe the preparatory work conducted before the long-column specimens were
tested. This work included: the layout and preparation of the specimens for testing
(Chapter 2), the measurement of initial geometry (Chapter 3), the determination of material
properties (Chapters 4 and 5) and the denting procedure (Chapter 6). Chapters 7 through 9
describe the procedures and results from the long-column tests. Chapter 7 describes the tests of
damaged columns using cylindrical bearing fixtures, Chapter 8 describes the tests on damaged
columns with fixed-ends, and Chapter 9 describes the tests on the straight corroded and
uncorroded columns. Chapter 10 compares the test results of the specimens within each group
of specimens, and Chapter 11 compares the test results with several analytical methods.
4
2. LAYOUT OF SPECIMENS
2.1 SALVAGED SPECIMENS
The salvaged specimens were shipped covered with barnacles, some also had
K-joints welded on, and two had Monel sheet coverings still attached. In the course of the
initial preparation of the test specimens the following had to be done:
- The dried barnacles and layers of rust (up to one-half inch thick) were removed with
hammer and chisel.
- The K-joints were cut off using a torch and ground down.
- The Monel coverings were cut with a torch and removed.
2.1.1 Layout for Stub Columns and Tensile Coupons
The salvaged columns were laid out to ensure that appropriate lengths for the long
columns, tensile coupons, and stub columns were cut. Most of the tubes were too short to
include stub columns, but Specimens EI, S2, E3, and C4B had sufficient lengths. Although
Specimens EI and E3 had sufficient lengths for stub columns, they also had transverse welds
located near the mid-length where the dent was to be made.
In laying out the cuts for Specimens El and E3, the transverse weld was placed as far
as possible from the mid-length of the long column. The presence of the weld metal and the
two different materials near the dented portion of the column could have lead to confusing test
results, therefore it was highly desirable to locate this discontinuity of material as far from the
dented portion of the column as possible. The second objective was to take the stub column
from the same tube portion in which the dent would be made. However, this caused the
transverse weld to be located too close to the dent. Thus, in order to keep the location of the
transverse weld away from the dented portion at mid-length, the stub column was not taken
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from the same tube portion in which the dent was made.(Fig. 2-1) Hardness tests indicated
that the materials of the two joined portions were similar. Tensile coupon results for Specimen
EI confirmed that the two joined portions had similar yield strengths, therefore the behavior of
the stub column was representative for the dented portion.
The long columns, stub columns, and tensile coupons were all laid out and marked to
identify which end came from where in the column.(Fig. 2-1) Each side of a saw cut had an
'A' and a 'B' side. This made it possible to reconstruct where the specimen was in the original
tube. The stub column and long column therefore had 'A' and 'B' ends. These designations
were maintained throughout the layout, surveying, and testing procedures.
2.1.2 Determination of Reference Lines
The longitudinal reference lines for the salvaged columns were established with respect
to the longitudinal line of maximum out-of-straightness of the specimen. A carpenter level and
square were used to determine the 'top' of the specimen for both ends of the specimen and for
the mid-length portion.(Fig 2-2) After the survey, made by using a survey level and a rod
with a 1/64th-inch division scale attached, the specimen was rolled a fraction of an inch and
three new 'top' points were marked and surveyed. This procedure was repeated until the
maximum out-of-straightness was found.
The line of the maximum convex out-of-straightness was labeled the '180 degree' line
and the maximum concave out-of-straightness was labeled the '0 degree' line. The '90 degree'
and '270 degree' lines were determined by going clockwise around the column at the 'A' end of
the specimen.(Fig. 2-3) Since all the columns had single-curvature out-of-straightness, the
90 degree and 270 degree reference lines had no measurable out-of-straightness. To make sure
that the maximum line of out-of-straightness was located, these reference lines were checked
before the lines were center punched.
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Once the four reference lines were established, the specimen was rotated so that the
180 degree line was the 'top' line. A carpenter chalk line was used to produce a continuous line
through the two 'top' end points and the 'top' center point of the specimen, then a steel
measuring tape was pulled tight and clamped next to the line at both ends of the column. The
'A' end of the column was taken as the origin, and two foot intervals were marked off using a
center-punch. The specimens that were to be dented had a closer spacing of points near the
mid-length, as well as, additional reference lines at 45, 135 , 225, and 315 degrees, so that the
shape of the dented portion could be measured more accurately after the denting process.
2.2 FABRlCATED SPECIMENS
2.2.1 Layout for Long Columns, Stub Columns and Tensile Coupons
The fabricated specimens each consisted of five 'cans'. The cans were cold-rolled from
flat plate and butt welded together to form the specimen. The central cans of the fixed-ended
and pin-ended specimens, the end cans of the fixed specimens, the stub column, and the
longitudinal and transverse tensile coupons were all taken from the same steel plate. This was
done to ensure that all the critical portions of the specimens in a particular group
(Pl-, P2- , and P3- ) had the same material properties.(Fig. 2-4) The remaining cans for the
specimens came from plates that had similar hardness and the same thickness as the plate in
the critical sections.
The labeling scheme for the cans of the fabricated specimens followed a preset pattern.
For example, the can label PIP3-1 for Specimen PIP is as follows: PIP is the specimen
designation; '3' gives the location of the can in the specimen with can '1' at the'A' end and
can '5' at the 'B' end; the number after the hyphen identifies the plate from which the can
was made. Thus, it was clear where each can came from and how it was placed in the
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specimen.(Fig. 2-5)
The longitudinal seam welds on the five cans were rotated by 90 degrees, as is
commonly done in the fabrication of offshore structures.(Fig. 2-5)
2.2.2 Determination of Reference Lines
As for the salvaged specimens, four longitudinal reference lines were established on the
surface of the fabricated specimens. The location of the '180 degree' reference line was set to
coincide with the seam weld in the central can. The dent location was on the '0 degree'
reference line, directly opposite the longitudinal weld in the central can.
The procedure for chalking and center punching the fabricated specimens was the same
as for the salvaged specimens. The center punched points were measured from the 'A' end of
the specimen which was the bottom of the specimen during testing. Since the end plates were
already welded to the ends of the specimen, when leveled, they served to define the 0, 90, 180,
and 270 degree reference lines. The 45, 135, 225, and 315 lines were made 'top' by using a
carpenter level and square.
2.3 END PLATES FOR LONG-COLUMNS SPECIMENS
2.3.1 End Plates for Salvaged Specimens
The dented salvaged specimens and the bent specimen had Type 1 fabricated end
plates welded to them once their reference lines were established.(Fig. 2-6) Specimens E1 and
E3 had Type 1 end plates welded with intentional offsets.(Fig. 7-5) The straight salvaged
specimens were tested with spherical bearings, and 3-inch thick end plates tack welded to their
ends.(Fig. 2-7)
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2.3.2 End Plates for Fabricated Specimens
End plates for the fabricated specimens were welded at the fabrication plant. The
pin-ended specimens with diameters under 24 inches had Type 1 end plates.(Fig.2-6) The
24.5-inch diameter specimens had Type 2 square end plates. The fixed-ended specimens used
Type 3 end plates which were thicker than the other end plates, and they were welded with a
three-inch lip on one side to be used for clamping the specimen down.
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3. INITIAL MEASUREMENT OF GEOMETRIC
, '
PROPERTIES
3.1 THICKNESS MEASUREMENTS
3.1.1 Measurement of Thickness with a Micrometer
A O.OOl-inch micrometer was used to measure the thickness at the ends for all the
salvaged specimens. The non-corroded specimens varied in thickness around the circumference
of the ends by as much as 0.06 inches (Tables 3-1 to 3-9), and, thus, readings were taken at
two-inch spacing around the circumference, going clockwise with respect to the 'A' end.
(Fig. 2-3) These end thickness readings were later used to calibrate the Ultrasonic Thickness
Measurement equipment. This equipment was used to measure the thickness of certain interior
sections of the salvaged specimens. A micrometer was also used to field inspect the steel plates
used for the fabricated specimens.
3.1.2 Measurement of Thickness with Ultrasonic Equipment
Ultrasonic thickness measurements were conducted using an Epoch Model 20021 with
an accuracy of ± 0.001 inch. Mainly, the Ultrasonic thickness measurements were made to
determine the thickness at points away from the ends of the specimen where a micrometer
could not be used.
Ultrasonic thickness measurements were made to check the uniformity of thickness for
the salvaged specimens in the interior sections of the specimen. Since the ends of the salvaged
specimens varied in thickness around the circumference, it was important to check the
variation of thickness of the interior sections. For the heavily corroded salvaged specimens, the
thickness was also measured in the areas of corrosion and in the critical areas where local
1Epoch Model 2002 Ultrasonic Thickness Gage by Panametrics
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buckles developed during the axial tests.
After the axial tests, a two-inch by two-inch grid was used to measure the thickness
variation of the buckled sections of the corroded specimens.(Tables 3-10 to 3-13) These
thickness maps will be later used to establish local buckling criteria for the corroded specimens.
The limitation of the ultrasonic thickness measurements was that they had to be taken
on a surface which was flat and free of rust. The corroded specimens were cleaned of rust, but
the surface in many areas was heavily pitted and irregular. Since the thinner points were
located in deep and narrow pits, which the ultrasonic thickness transducer could not fit into,
the measured average thickness is an upper bound of the actual average thickness.
3.1.3 Measurement of the Average Thickness by Weighing
Since it was very difficult to accurately determine the average thickness of the corroded
specimens using a micrometer or the ultrasonic thickness equipment, the salvaged Specimens
C1, C2, C4B and Sl were also weighed to determine the average thickness. With a steel
density of 490 Ib/ft3, the weight of the specimen indicated the volume of material, which was
then used to compute the average thickness. Since these specimens were corroded only on the
outside surface, the inside diameter was used as a known quantity.
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With the inside diameter, weight, and length diameter known, the average thickness
was calculated using the following equation:
ID 2 + 0.37418 Weight - ID]
Length (3.1 )
where the inside diameter ID is in [in.] , Weight is in [Ibs] , and Length is in [ft].
The average thickness values are listed and compared against the end thickness measurements
in Table 3-14.
The weight of the specimens was determined from the following procedure. A
V-shaped aluminum load cell with an accuracy of ± 2 pounds and a capacity of 2000 pounds
was used for the weighing procedure. As shown in Fig. 3-1, the specimen was placed into a
sling and lifted at the center using a fork lift. The load cell was between the sling and the fork
lift. A "zero" voltage reading was taken with the specimen on the ground and another voltage
reading WilS taken after the specimen was lifted and stabilized. The procedure was repeated
more than 12 times, with a maximum voltage variation of less than 2.6 percent. The load cell
calibration curve was used to convert the voltage reading to the weight of the specimen.
3.1.4 Local Thickness Profile by Scribing
A scribing technique was developed to obtain detailed thickness measurements in the
areas of heavy corrosion. At a given corroded cross-section, a piece of steel with a sharp point
and a pencil were held in a vertical position and dragged over the pitted surface of the corroded
specimen. The pencil scribed the profile onto a sheet of paper. (Fig. 3-2) Multiple ultrasonic
measurements were taken at the flat points along the sc,ribed path. After smoothening the
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penciled line, a best fit curve was passed though the points of known thickness. This produced
a cross-sectional representation of the variation of thickness in the relevant portions of a
corroded specimen.(Fig. 3-3) This procedure was carried out at several cross sections and a
thickness map was prepared.
3.2 INITIAL OUT-OF-STRAIGHTNESS
A survey level and 1/64th-inch scale were used to measure the initial out-of-
straightness of all specimens. To ease the task of ro_tating the specimens, they were placed on
two sets of steel rollers. The 0, 90, 180 and 270-degree reference lines were each placed in the
'top' position and the center-punched points were surveyed. The survey level was set up at one
end of the specimen, and the scale was attached to a wooden rod with a nail in the bottom.
The nail in the rod was positioned in the center punch points along the specimen and the scale
was read using the survey level.
Out-of-straightness of a specimen was determined by measuring the reference line of
maximum sagging curvature, that is, the zero degree line, as well as, the 180 degree reference
line which was directly opposite.(Fig. 2-3) Measurements of lines drawn on the surface at 45,
90, 135, 225, 270, and 315 degree lines around the perimeter were taken as well. This was done
to clearly identify the initial tube profile in order to compare it with the survey profiles after
denting and after the axial tests.
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4'. MATERIAL PROPERTIES
4.1 HARDNESS MEASUREMENTS
Hardness tests were conducted with a Riehle portable hardness tester.2 The
Rockwell B hardness scale was used for all the tests since it was suitable for the measurement
of the 36-ksi material as well as the 50-ksi material.
The salvaged specimens were hardness tested to make estimates of their ultimate and
yield stresses.(Tables 4-1 and 4-2) The specimens that had transverse welds located near
mid-length were hardness tested at each end to verify that the two welded portions had
similar yield stresses. Specimens Dl, El, C2, E3, C4A and C4B had transverse welds, and
after hardness measurements, it was found that the yield stresses of the two pieces were very
similar for all the specimens except C4A. Specimen C4A had an estimated Fu= 69 ksi at end
'A' and Fu= 54 ksi at end 'B'. (Table 4-2) Since, in addition to the different materials, there
was heavy corrosion and many bracket attachments near the transverse weld at mid-length,
the results for the axial test would have been ambiguous, and, therefore, this specimen was not
included in the testing program.
The plates for the fabricated specimens were hardness tested before the cold-rolling
process to insure that the plates had similar yield stresses.(Table 4_3)3 The tensile coupons for
the salvaged and fabricated specimens were also hardness tested to study the correlation
between the hardness readings and the tensile properties of the materials used.(Section 4.3)
2Riehle Model PHT-2 Portable Hardness Tester, AMETEK Inc., East Moline, Illinois
3 In fact, the plates that were initially shipped were tested, and it was determined that
the material order had been mixed up. Instead of three 50-ksi and one 36-ksi plates, one 50-ksi
and three 36-ksi plates were delivered. This potentially grave error was averted because
hardness testing brought out the mistake.
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4.2 TENSILE COUPONS
The tensile properties of the fabricated and salvaged columns were determined by
conducting tensile coupon tests. The coupons for the salvaged specimens were machined from
the cut-off ends of the specimens.(Fig. 2-1) The coupons for the fabricated specimen were cut
in two directions from the flat plate before cold-rolling. These coupons were taken in the
direction of rolling of the plate in the steel plant and also in the direction of the column 'can'
axis. (Fig. 2-4) The coupons taken in the direction of the column 'can' axis (labeled -T) had
higher yield stresses, but the maximum. difference was only 3.6 percent. The tensile properties
for the coupons taken in the direction of the columns 'can' axis were used as the material
properties of the column specimens. (Table 4-4)
The coupons were fabricated according to ASTM standards [2] using a 2-inch gage
length and a O.5-inch gage width. (Fig. 4-1) The coupons were tested in a 120-kip Tinius-Olsen
universal testing machine4 with controlled displacement. A 2-inch extensometer was used to
measure the strain and a O.OOI-inch dial gage to measure the head displacement.
The coupons were pre-loaded to one-third of Fy to insure that the gaging equipment
was recording properly and then were unloaded to a near zero load. At each load increment in
the elastic range, the machine was stopped to measure the static load and the head motion.
After the coupon yielded, the Fyd (dynamic yield) was read and the head motion was stopped
to allow the load to stabilize to Fys (static yield). Multiple load/stop steps were required to
properly define the static yield portion of the stress/strain curve.(Fig. 4-2) The coupons were
loaded to failure, noting the dynamic and static loads at ultimate. The final width, thickness,
and elongation were measured after fracture to establish the total elongation and the reduction
of the cross-sectional area. The measured values of the dynamic and static yield and ultimate
4Tinius-Olsen Machine Co., Willow Grove, PA
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stresses, as well as, the total elongation and the reduction of the cross-sectional area are listed
in Tables 4-5 and 4-6.
4.3 CORRELATION OF HARDNESS MEASUREMENTS WITH TENSILE
COUPON TESTS
After the hardness measurement data and tensile coupon results were compiled, the
ultimate stress [Fu(h)], estimated from the hardness readings and Table 4-7, the estimated
yield stress [Fy(h)], and the ultimate stress [Fu(t)] and yield stress [Fy(t)] of the tensile
coupons were compared.
4.3.1 Initial Observations
The estimates of the ultimate stress [Fu(h)] were based on Table 4-7, a chart of
Rockwell B hardness readings and ultimate stresses. These values were multiplied by 0.70 to
compute [Fy(h)], the estimated yield stress. The 0.70 value was based on previous experience
and it agreed with the tensile coupon results from specimen El. However, the results from the
E3 tensile coupons indicated that the value should be 0.60. This discrepancy pointed out that
material variability might affect the accuracy of this procedure.
4.3.2 Difficulties
Three unknowns affected the accuracy of the Fy(h) estimation. These unknowns were:
the accuracy of the table that converted the hardness readings to Fu(h), the uncertainty of the
ratio of Fu(t)/Fy(t) of the material, and the repeatability of the hardness measurements. It
was difficult to achieve consistent hardness readings for the salvaged specimens because their
surface was curved, pitted and rough.(Tables 4-1 and 4-2) The hardness readings taken from
the tensile coupons were much more reliable.
16
The ratio of [Fy(t)] I [Fil(t)] for the tensile coupons r"anged from 0.59 to 0.86.
(Table 4-8) This indicated that there was a large variability of chemical composition for the
different steels tested. Due to this variability, the accuracy of the estimated yield stress was
difficult to gage before the tensile coupons were tested. (Fig. 4-3)
The accuracy of the ultimate stress estimate from the hardness tables was the last
unknown. The ultimate stress estimation table was a convenient item, but the estimated
ultimates were high for all the steels tested. For some specimens, the difference was as high as
1.25 Fu(t).(Fig. 4-4)
4.3.3 Comparison
Although there were many factors contributing to the error in the yield stress
determination from hardness readings, the errors sometimes canceled themselves out, giving an
excellent estimate of the yield stress. The coupons for the fabricated columns were flat,
unpitted, with a thin coating of mill scale. For the four different thicknesses, the variation
between the tensile coupon ultimate [Fu(t)] and the estimated ultimate from hardness [Fu(h)]
was small except for plate P4. The 0.70 [Fu(h)] estimated yield stress was remarkably close to
[Fy(t)] for all the fabricated specimens. (Table 4-8)
There were mixed results in using the 0.7[Fu(h)] estimate for the salvaged specimens.
For the Series 1 specimens and Specimen C4B, the 0.7[Fu(h)] estimate was close only because
the estimated [Fu(h)] was 1.26[Fu(t)] and the [Fu(t)] I [Fy(t)] ratio was small. The hardness
readings for the Series 2 and Series 3 specimens estimated [Fu(t)] accurately, but
unfortunately, the ratio of [Fu(t)] I [Fy(t)] was large, which caused the 0.7[Fu(h)] estimate to
be too high.(Table 4-8)
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4.3.4 Conclusions and Recommendations
The Rockwell hardness measurements and the static yield stresses from the tensile
coupons are shown in Fig. 4-5. In Fig. 4-3, there appears to be a functional relationship for
estimating the yield stress as the band of points forms almost a straight line. The points for
the fabricated specimens are quite consistent. On the other hand, the salvaged specimens with
41-ksi material had a greater variability of hardness.
In Fig. 4-3, a straight line approximation of the band gives the following formula for
estimating the stress [Fy(h)] based on the hardness readings and [Fu(h)] from Table 4-7.
C1 =0.330467
C2 =0.006347
(4.1)
The standard deviation for this plot is 12%. Further study is needed to understand the range
of variables and to reduce the variability of the hardness readings.
One suggestion was to use Brinell hardness test instead of Rockwell B hardness, since
Brinell hardness uses a 1/8th-inch diameter ball-bearing, instead of a 1/16th-inch ball-bearing.
It was felt the larger diameter ball-bearing might give a better representation of the material
hardness through the thickness.
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5. STUB COLUMN TESTS
5.1 STUB COLUMN LAYOUT AND TEST SETUP
Stub column tests were conducted to determine the compressive properties of the tube
wall material and to estimate the level of longitudinal residual stresses in the section. The
guidelines of the SSRC Tech Ref. B-3 [4] were followed for these tests. Each Series of the
fabricated specimens had a stub column rolled from the plate used in the critical section(s) of
the long columns.(Fig. 2-3) The stub columns for the salvaged specimens were cut from one of
the tubes in each Series.(Fig. 2-1)
5.1.1 Stub Columns for the Fabricated Specimens
The stub columns were cold-rolled and welded, following the same procedure for
cold-rolling the cans of the long specimens. A square steel end plate was welded to each end of
the stub column.
A typical setup for testing stub columns is shown in Fig. 5-1. A thin layer of
Hydrostone5 grout was used to minimize the effects of warpage in the end plates and to
compensate for any misalignment of the machine head. In the setup procedure, a layer of wet
Hydrostone mix was spread on the testing pedestal protected by a plastic sheet. Four
1/16-inch wooden strips were taped to the bottom of the stub column to ensure that there
would be no metal to metal contact, and the specimen was lowered and centered. The
specimen was slightly twisted back and forth until the Hydrostone was fully spread and the
weight of the stub column was resting fully on the wooden wedges. The top was prepared by
attaching a plastic sheet to the machine head, and lowering the head until a thin gap was left
between the machine head and the highest point of the top end plate. The gap in one corner of
5Hydrostone Gypsum Cement, United States Gypsum, Chicago, Illinois
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the specimen was gaged with a wooden wedge, then the machine head was raised. Hydrostone
was placed on top of the end plate, and the head quickly lowered to the same corner gap
checked with the wooden wedge. The Hydrostone was allowed to set for an hour before testing
in order to develop strength. Meanwhile, the instrumentation was installed.
5.1.2 Stub Columns for the Salvaged Specimens
The salvaged stub columns were saw-cut to the required lengths. Three types of end
conditions were used: stub columns E1-SC and E3-SC were tested with square end plates
welded to both ends, stub column S2-SC had an end plate welded to one end, and C4B-SC had
no end plates welded to its ends.
Stub columns E1-SC and E3-SC, which had end plates at both ends, had the same test
setup as the fabricated stub columns.(Fig. 5-1) After E1-SC and E3-SC were tested, it was
determined that the saw cut ends were flat enough to not require welded end plates. The setup
of stub columns S2-SC and C4B-SC was changed to take advantage of this.
Stub column S2-SC was placed into the testing machine with the cut end on a
hardened steel plate, with aluminum foil placed between the column and the hardened plate.
(Fig. 5-2) The aluminum foil was used to eliminate the effects of burrs and marks from the
saw cutting process. The Hydrostone was placed on the top welded end plate, and the machine
head, with plastic taped to it, was lowered onto the Hydrostone, as was done with the
fabricated stub columns.
Stub column C4B-SC was placed into the machine with the 'A' end on a hardened
steel plate, with aluminum foil placed between the saw cut end and the hardened plate.
(Fig. 5-3) Aluminum foil was placed over the 'B' end of the specimen and a hardened steel
plate on top of it. Wet Hydrostone was placed on top of the hardened steel plate and the
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machine head was lowered as done previously for the fabricated stub columns.
5.1.3 Instrumentation
All of the stub column tests were conducted in the Baldwin 5-million pound universal
testing machine6. The testing procedure as described in the SSRC Tech. Ref. B-3 [4] was
followed. The instrumentation arrangement is shown in Fig. 5-4. Four O.OOOI-inch dial gages
labeled G1 to G4 were attached to 1/2-inch diameter studs located in the central lO-inch gage
length of the stub column to measure the axial strains. A O.OOOI-inch dial gage labeled LI was
tied to a wire to measure the overall axial shortening of the specimen. A O.OOI-inch dial gage
labeled L2 was used to measure the head motion of the machine. An LVDT labeled LIA was
used for some of the stub columns in addition to the dial gage.
5.2 GENERAL TEST PROCEDURE AND OBSERVATIONS
The stub columns had a linear load-deformation response until the onset of yielding.
The average stress at first yielding indicated the level of the longitudinal compressive residual
stresses in the column. For the salvaged specimens, which were seamless tubes with low
residual stresses, the response was almost linear until the level of overall yielding. The
fabricated specimens first yielded at about 70 percent of the overall yield stress or higher. This
meant that the level of compressive residual stresses was 30 percent of the overall yield stress
or less. After the entire section yielded, the yield plateau measured the overall compressive
yield stress.
The testing procedure for the stub columns had several phases. The initial phase was
to load the stub column in small load increments to insure that the dial gages in the central
6Baldwin-Lima-Hamilton Corp., Philadelphia, PA
21
-;
lO-inch gage portion of the specimen were behaving uniformly. After five load steps, a larger
load step was used until the load-deformation response for the specimen became non-linear,
which was indicated by larger displacement increments of the dial gages for a given load step.
The load increment was reduced at this point, to better define the load-deformation response,
and load steps were continued until either the specimen could not maintain the load or axial
shortening was excessive. Increments of head motion were used to continue the test until a
local buckle formed and the load dropped. After this, the specimen was unloaded in several
steps.
5.3 DESCRIPTION OF INDIVIDUAL STUB COLUMN TESTS
5.3.1 Stub Column PI-SC
The fabricated stub column Pl-SC (L=48 inches) was loaded in increments to a load
of 375 kips (30.6 ksi) when the strain increments in the central gage portion began to increase
indicating the initiation of yielding due to compressive residual stresses. The specimen was
loaded three more increments, after which dial gage G4 stopped moving and dial gage G3 had
large strain increments. (Fig. 5-5) An explanation for this at the time of the test was the
formation of a bulge above the G4 dial gage location. Further testing of the specimen was
controlled by head motion increments.
The specimen attained a static yield load of 474 kips (38.7 ksi) which lasted five
compression increments.(Fig. 5-6) The stub column load began to increase after this point and
reached a static ultimate load of 516 kips (42.1 ksi) before the strain increment in dial gage G2
began to decrease. A substantial local buckle developed in the longitudinal weld near the top
of the specimen, and the specimen lost load after this point. The ring bulge in the top of the
specimen was 6 inches long before the stub column was unloaded in five steps. In summary,
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the proportional limit at initial yielding was 76 percent of Fy=40.2 ksi.
5.3.2 Stub Column P2-SC
The fabricated stub column P2-SC (L=54 inches) was loaded in small steps to a load
of 800 kips (39.9 ksi) when the strain increments in the central gage portion began to increase
indicating the initiation of yielding due to compressive residual stresses. The specimen was
loaded two more increments, when the strains increments began to increase greatly. (Fig. 5-7)
Further testing was controlled by head motion increments.
The specimen attained a static yield load of 1128 kips (56.3 ksi) which lasted for five
compression increments.(Fig. 5-8) Waves in the side of the column appeared along the full
length during this period. The stub column load began to increase after this time and reached
a static ultimate load of 1145 kips (57.2 ksi), after which the load dropped and the waves in
the column concentrated in a ring bulge at the bottom of the column. The specimen was
compressed three more increments, and the local buckle was allowed to grow further before the
stub column was unloaded in six steps. In summary, the proportional limit at initial yielding
was 70.8 percent of Fy=56.3ksi
5.3.3 Stub Column P3-SC
The fabricated stub column P3-SC (L=75 inches) was loaded in increments to a load
of 1000 kips (40.5 ksi) when the strain increments in the central gage portion began to increase
indicating the initiation of yielding due to compressive residual stresses. The specimen
attained a static yield load of 1260 kips (51 ksi), after which further testing was controlled by
head motion increments. (Fig. 5-9)
The specimen reached an ultimate load of 1385 kips (56 ksi) (Fig. 5-10) which was
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sustained for three increments before the load dropped and a noticeable bulge developed at the
bottom of the specimen. The stub column was compressed a total of 0.872-inches and
stabilized at a load of 680 kips (27.5 ksi) before the longitudinal weld popped at the bottom of
the 6-inch-long bulge. The specimen was unloaded in four steps. In summary, the
proportional limit at initial yielding was 79.4 percent of Fy=51ksi.
5.3.4 Stub Column P4-SC
The fabricated stub column P4-SC (L=60 inches) was placed into the testing machine,
and, during the grouting procedure, the wooden wedge that was used to measure the gap, got
caught between the machine head and the top of the stub column above the location of dial
gage G4. There was concern that the wedge might lead to a stress concentration at that corner
of the specimen.
After the Hydrostone set, the stub column was loaded in 25-kip increments. The dial
gages in the middle gage portion indicated that the strain increments at dial gage G4 were
higher than the other three gages. (Fig. 5-11) The specimen was loaded to 175 kips (15 ksi)
when the strain increments around the circumference became uniform. The 25-kip increments
were continued until the specimen reached a static load of 558 kips (48.1ksi). Then, a bulge
above dial gage G4 was observed. The specimen quickly lost load with additional axial
compression.(Fig. 5-12) After a total axial shortening of 0.283 inches, the specimen was
unloaded in three steps.
The bulge that formed above dial gage G4 may have been due to the wooden wedge
above that location or due to the high DIt ratio of the specimen. (DIt = 95.18)
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5.3.5 Stub Column EI-SC
In addition to the regular instruments mentioned, the salvaged stub column EI-SC
(L=42 inches) had acoustic sensors attached to its surface to monitor acoustic emissions during
the test. Stub column EI-SC was loaded in equal load increments to a load of
487 kips (39.8 ksi). During the last load step, the acoustic sensing equipment began 'crackling'
and the strains in the specimen began to increase, indicating the initiation of local yielding.
The specimen reached a dynamic load of 629 kips (51.5 ksi) and stabilized at a load of
607 kips (49.7 ksi).(Fig. 5-13) Further testing was controlled by displacement increments of
the machine head.
The specimen had a static yield load of 612 kips (50 ksi) which lasted for six
increments before the load began to cIimb.(Fig. 5-14) The specimen reached a static ultimate
of 727 kips (59.5 ksi) before a ring bulge developed at the bottom of the specimen and the load
dropped off. After that, the specimen was unloaded in six steps. In summary, the specimen
had no measurable residual stresses.
5.3.6 Stub Column S2-SC
The salvaged stub column S2-SC (L=42 inches) had acoustic sensors attached to its
surface to monitor the acoustic emissions during the test. Stub column S2-SC had one end
plate at the top, and aluminum foil placed at the bottom under the saw cut end.(Section 5.1.2)
The specimen was loaded in 80 kip increments and the strain increments were uniform up to a
load of 750 kips (39.5 ksi).(Fig. 5-15) Further testing was controlled by displacement
increments of the machine head.
The specimen had a static yield load of 758 kips (40 ksi) for five displacement
increments.(Fig. 5-16) During this, yielding was accompanied by wide-spread flaking of rust
25
from the specimen surface and the acoustic sensing equipment was also 'crackling' during this
period. The load then increased, and a small bulge formed near the bottom of the specimen.
After four additional increments, a bulge also began to develop at the top of the specimen near
the end plate. The specimen reached a static ultimate load of 1025 kips (54 ksi) just before a
large buckle formed in the corroded area at the bottom of the specimen between dial gages G1
and G4. After this, the specimen was unloaded in five load steps. In summary, there were no
residual stresses in the specimen.
5.3.7 Stub Column E3-SC
The salvaged stub column E3-SC (L=42 inches) was initially loaded in increments of
80 kips, and the strain around the cross section was uniform except for dial gage G3. It was
determined after several more load steps that the dial gage was not tracking properly, so it was
replaced with another O.OOOl-inch dial gage. After the specimen reached a load of of
480 kips (25.7 ksi), the stub column was unloaded by 20 kips to confirm the linearity of
unloading and was reloaded by an increment of 100 kips. The stub column was loaded in
increments until a dynamic load of 782 kips (41.3 ksi) was reached and the column stabilized
at a load of 749 kips (39.6 ksi).(Fig. 5-17) After this point, the specimen was loaded two more
increments, but the gages in the central gage length of the column and the head motion gage
continued to move. It turned out that the new machine operator had left the valve on and was
trying to maintain the load instead of stopping the machine head.
The specimen had a long yield plateau at a load of 760 kips (40.19 ksi), after which
the load increased gradually with additional axial compression and a bulge began to form at
the top of the specimen. The load continued to increase with axial compression until it
reached a static ultimate load of 1088 kips (55.9 ksi). Shortly after this point, a bulge formed
at the bottom of the column and the load dropped off. Five additional compression increments
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were made before the specimen was unloaded in several steps.(Fig. 5-18)
5.3.8 Stub Column C4B-SC
Stub column C4B-SC (L=36 inches) had no end plates and was tested with aluminum
foil at both ends.(Section 5.1.2) The walls of the specimen were heavily corroded, and after
several 50-kip load increments, the pattern of strains in the midsection was erratic. This was
apparently due to the effects of localized corrosion. The specimen was loaded to 300 kips
when it was decided to unload the section to check the linearity of the strains. The specimen
was reloaded in 50-kip increments, but the pattern of strains remained erratic. Loading was
continued until a static yield load of 542 kips (39.3 ksi) was recorded.(Fig. 5-19) The load
increased with axial shortening and attained a static ultimate load of 586 kips (42.5 ksi) before
the member gradually lost 10ad.(Fig. 5-20) During this process, several large, irregular buckles
formed over the whole surface of the specimen. The specimen was compressed several more
increments to enlarge the size of the buckles before it was unloaded.
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6. DENTING OF TEST SPECIMENS
6.1 INITIAL SMALL-SCALE TESTS
Tests were conducted on several small-diameter tubes to get an idea of how the low
(DJt) specimens would behave when dented. The concern was that the indenter would squash
the specimens into an oval shape instead of forming a sharp V-shaped dent. Three different
methods of supporting the specimens were tested to determine the best setup. (Fig. 6-1)
The small-scale tubes had t= 0.065 inches, D= 1.75 inches (DJt= 27), and an average
hardness of 80 (approximate Fy = 54 ksi). Since Specimens E1 and E3 had similar properties,
the behavior of the small-scale specimens was expected to be similar to that of the large-scale
specimens. As shown in Fig. 6-1, the three methods of supporting the specimens were the
following: a gO-degree angle, a H-beam filled with sand, and a flat surface. The results
indicated that the specimen formed a sharp V-shape dent with a minimum amount of
squashing regardless of the type of support, although the flat surface induced a somewhat
larger amount of end uplift. Since denting the specimen on a flat surface was the simplest
method, the specimens were dented in this manner.
A series of five dents approximately equal to 0.15D were made in a small-scale
specimens to estimate the amount of elastic return for specimens E1 and E3. It was
determined that the small-scale specimen had an elastic return of approximately 14.5 percent
of the loaded dent depth. This meant that if the small-scale specimen was loaded with a dent
depth of 0.275 inches, they had a dent depth of 0.235 inches after the load was removed. This
relationship was used for the denting of Specimens E1 and E3.
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6.2 DENTING OF SPECIMENS IN SOo-KIP MACHINE
6.2.1 Setup and Instrumentation
Salvaged specimens El and E3 were dented with a dent of 0.15D using the 800-kip
machine7• Four O.OOI-inch dial gages were used to measure the specimen response to mid-
length load application. As shown in Fig. 6-2, two dial gages located at the ends measured the
end uplift, one dial gage measured the side expansion of the specimen (the 'squash'
displacement), and the fourth dial gage measured the machine head displacement (dent depth).
The indenter used for the experiment had a 1.0-inch radius, a height of six inches, and a length
of 12 inches.
The specimens were placed into the 800-kip machine with the mid-length of the
specimen centered under the machine head. After rolling the specimen to position the zero
reference line on 'top', it was held in place with wooden wedges. The indenter was placed on
top of the specimen at mid-length and the machine head lowered until it pressed against the
indenter, thus keeping the indenter from falling off the specimen.
6.2.2 Denting of Specimens El and E3
6.2.2.1 Specimen El
Specimen E1 (D= 10.38 inches) was designed to have a 0.15D (1.56-inch) dent depth.
The peak denting load was 75.3 kips at an indentation depth of 1.9 inches. The specimen was
unloaded to 5 kips and an indentation depth of 1,46 inches.(Fig. 6-3) After the machine head
was raised, the specimen was surveyed and the measured dent depth was 1.41 inches (0.136D).
This was accepted to be close enough to the intended 0.15D dent depth. The measured length
7Riehle Testing Machine Corp., 1905
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of the observable dent was 4.75-feet.(Fig. 7-39)
6.2.2.2 Specimen E3
Specimen E3 (D= 13.59 inches) was designed to have a O.15D (2.03-inch) dent depth.
The peak denting load was 89.1 kips at an indentation depth of 2.42 inches. The specimen was
unloaded to 5 kips and an indentation depth of 2.04 inches.(Fig. 6-4) After the machine head
was raised, the specimen was surveyed and the measured dent depth was 1.87 inches (0.138D).
This was accepted to be close enough to the intended 0.15D dent depth. The measured length
of the observable dent was 6.5-feet.(Fig. 7-45)
6.3 DENTING WITH HYDRAULIC JACK
6.3.1 Setup and Instrumentation
Since many of the fabricated specimens were longer than 28 feet, the denting procedure
could not be conducted in the 800-kip machine. The specimens were dented with a hydraulic
jack which applied the load in the horizontal direction. The specimens were laid on their side
with the zero reference line facing the indenter. A large, 10-foot long box beam served as a
back support. To insure continuous contact between the box beam and the specimen,
Hydrostone grout was poured into the small gap between the specimen and the box beam.
The space under the beam and specimen was stuffed with foam and paper to prevent the grout
from leaking through the gap. A contact area of three diameters along the specimen was
poured and allowed to set for an hour before starting the denting process.
The instrumentation for the denting procedure consisted of four O.OOI-inch dial gages,
a 1/64th-inch division scale, a transit and a load cell.(Fig. 6-5) One horizontal dial gage was
located at each end of the specimen to measure the end displacements, but they were removed
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when it was discovered that the friction of the end plates on the floor was causing unequal
motion of the two ends. One 'squash' dial and one dent dial were located at the dent. The
1/64th-inch scale was attached to the indenter, and the transit was located at one end of the
specimen to measure the horizontal motion of the hydraulic jack heai. The load cell attached
to the hydraulic jack measured the indentation load. The indenter was the same l.O-inch
radius and 12-inch length indenter used for Specimens E1 and E3 in the BOO-kip machine.
Since neither the small-scale tests described in Section 6.1 nor earlier theoretical
work [11] were adequate to predict the amount of elastic recovery, many load and unload
cycles were required to produce the desired final dent depth. The dent goals were difficult to
produce because of the non-linear behavior of the load-response curve for tube denting and the
changing slope of the elastic return.
The specimens were loaded to a dent equal to the desired dent depth and then
unloaded to determine the slope of the elastic return. The slope of the loading curve and the
slope of the elastic return were used to estimate the peak load and indentation depth to
produce the desired final unloaded dent depth. Since the slope of the unloading curve became
steeper with the increased indentation depths and the loading curve became flatter, small
indentation increments were used to produce the correct final dent depth.(Fig. 6-9) However,
once the load-response curve for a specimen of a certain (D/t) and yield stress was established,
the denting of the companion specimen was easier since the expected load path was known.
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6.3.2 Denting of Individual Specimens
6:3.2.1 Specimens PIP and PIF
Specimens PIP and PIF (D= 15.0 inches) were designed to have a 0.05D (0.75-inch)
dent depth. Specimen PIP was loaded and unloaded three times to produce the desired dent
depth. The peak indentation load was 20.8 kips at an indentation depth of 1.29 inches. The
indentation depth at almost zero load was 0.75 inches. (Fig. 6-6) Specimen PIF was loaded
and unloaded three times. The peak indentation load was 20.3 kips at an indentation depth of
1.34 inches. The indentation depth at almost zero load was 0.79 inches. (Fig. 6-6) Thus, the
elastic return was about 0.55 inches for both specimens.
The survey results indicated that Specimen PIP had a dent depth of 0.71 inches and
Specimen PIF had a dent depth of 0.74 inches, which was very close to the desired dent depth
of 0.75 inches. The small deviation of the survey results and the test was due to the small
non-zero load, and because a 1/64th-inch scale was used to survey the specimens. The
measured length of the observable dented zone was 2.6 feet.(Figs. 7-27 and 8-6)
6.3.2.2 Specimen P2P and P2F
Specimens P2P and P2F (D= 17.0 inches) were designed to have a 0.096D (1.63-inch)
dent depth. Due to some misinterpretation, P2P was dented with a 0.14D (2.36-inch) dent
depth. In order to keep Specimens P2P and P2F the same except for the end conditions,
Specimen P2F was dented with the same dent depth. The load-response curves for the denting
of P2P and P2F were almost identical. The peak load for both specimens was 80 kips at an
indentation depth of 3.25 inches. The dent depth at near zero load was 2.36 inches for
Specimen P2P and 2.33 inches for Specimen P2F.(Fig. 6-7) The profile survey and diameter
measurements indicated a slightly different dent depth values of 2.37 inches for Specimen P2P
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and 2.31 inches for Specimen P2F. (Figs. 7-30 and 8-8) The elastic return for both specimens
was 0.89 inches. The measured length of the observable dented zone was 5.0 feet.
6.3.2.3 Specimens P3PA and P3PB
Specimens P3PA and P3PB (D= 24.5 inches) were designed to have a
0.048D (U8-inch) and 0.15D (3.67-inch) dent depths, respectively. Since the 12-inch long
indenter used for the other specimens may not have been long enough to span the dented
section, a two foot long rocker bearing with an edge radius of 1.0 inch was used.
Specimen P3PA was loaded and unloaded three times to attain the desired dent depth.
The peak load was 37 kips at an indentation depth of 2.5 inches and a near zero load
indentation depth of 1.26 inches. Specimen P3PB was loaded and unloa.ded four times before
the desired dent depth was produced. The peak load was 62.5 kips at an indentation depth of
5.45 inches and a near zero load indentation depth of 3.64 inches. The load-response curves for
the two specimens were closely matched, as can be seen in Fig. 6-8. The elastic return was
1.24 inches for P3PA and 1.81 inches for P3PB. The measured length of the observable
dented region was 10.0 feet for P3PA and 15.0 feet for P3PB.(Figs. 7-31 and 7-33)
6.3.2.4 Specimen P4P
Specimen P4P (D= 18.75 inches) was designed to have a 0.115D (2.16-inch) dent
depth. It was the first specimen to be dented using the hydraulic jack and the rigid box beam.
The specimen was placed directly against the box beam, without grout, and was dented
2.089 inches, when it was noticed that the longitudinal weld, which was directly opposite the
indenter, was not in contact with the box beam, only the transverse welds at the ends of the
central can were.
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The specimen was removed and surveyed to establish the current dent depth and
out-of-straightness. Then, the specimen was placed against the box beam and grouted with
Hydrostone to insure that there would be a continuous bearing against the back support. Since
the first denting procedure formed a 0.62-inch dent depth, an additional 1.54-inch dent depth
was required to produce the design dent depth.
The peak load was 27.35 kips at a total indentation depth of 2.72 inches. (Fig. 6-9)
The final dent depth was 2.58 inches which was somewhat higher than the design 2.16-inch
dent depth. The measured length of the observable dent was 11.0 feet.(Fig. 7-35)
6.3.2.5 Specimen D1
The salvaged Specimen Dl (D= 10.36 inches) was designed to have a
0.15D (1.56-inch) dent depth. The specimen was loaded using the expected load response curve
from Specimen E1. The peak load of Specimen Dl was 52.9 kips at an indentation depth of
2.07 inches.(Fig. 6-3) The final dent depth was 1.60 inches and the measured length of the
observable dent was 5.0 feet. (Fig. 7-37)
6.3.2.6 Specimen D3
The salvaged Specimen D3 (D= 13.55 inches) was designed to have a
0.15D (2.03-inch) dent depth. The specimen was loaded following the expected load response
curve from Specimen E3. The peak load of Specimen D3 was 88.8 kips at an indentation
depth of 2.7 inches.(Fig. 6-4) The final dent depth was 2.12 inches and the measured length of
the observable dent was 6.5 feet. (Fig. 7-43)
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6.4 PRE-TEST SURFACE PROFILES
The longitudinal surface profiles were made after denting to check the accuracy of the
dent depth measurements. The dent depth results from the denting procedure were slightly
higher than the surveyed results due to the small non-zero load at which the final dent depth
reading was made. This small load was required to insure the indenter was still in contact
with the specimen surface, but it also caused a small indentation. It should also be noted here
that the surveys were conducted with a 1/64-inch division scale, so that a deviation of 0.02
inches in the dent depth is not unreasonable.
The survey results for several specimens indicated that the side opposite the dent was
deformed from the procedure. The extent was over the Hydrostone supported length, and this
meant that the three-diameter length of support was not sufficient for some of the specimens.
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7. LONG-COLUMN TESTS USING CYLINDRICAL
BEARING FIXTURES
7.1 INSTRUMENTATION
The instrumentation for testing the long columns using cylindrical bearing fixtures
consisted of strain gages, rotation gages, LVDT's (linear voltage displacement transducers),
and O.OOI-inch dial gages. A consistent labeling scheme, with adaptations to individual cases
was used. Fundamentally, the four longitudinal reference lines at 0, 90, 180 and 270 degrees
around the circumference and the distance from the bottom of the specimen (designated by
'Levels') uniquely identified the position of the gages.
7.1.1 Arrangement of Gages
The initial column setup for Specimens EI, B3, and E3 used two different labeling
schemes: one for the strain gages and one for the LVDT's. The strain gages were arrayed
around the specimen at the four longitudinal reference lines and at five 'Levels'. The strain
gage locations at a given Level were labeled Lines 1, 2, 3, and 4 corresponding to the 0, 90,
180, and 270 degree longitudinal reference lines. The Levels of the strain gages were
determined by dividing the specimen into 'sixths' as shown in Fig. 7-1. Level 0 (zero) was
located at the 'A' end (bottom) and Level 6 (six) was located at the 'B' end (top) of the
specimen. An example of a strain gage location is SG23. The 'SG' stands for strain gage, the
'2' specifies the second strain gage 'Level' and the '3' specifies that the gage was on Line 3
(180-degree Reference Line)
Five LVDT 'Levels' were used for testing Specimens EI, B3 and E3. The LVDT's
were located at the quarter points and at the ends of the specimen. Level 0 was at the bottom
and Level 4 was at the top. An example of an LVDT location is L21. This means that the
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LVDT was located at the mid-length (second quarter) on Line 1 (O-degree Reference Line).
n'he label for LVDT L23 meant that it was located on the same Level as L21, but on Line 3
(180-degree Reference Line), that is, directly opposite the dent.
To provide a more complete displacement profile of the specimens, seven, rather than
five, LVDT Levels were used for the dented specimens tested after Specimens EI, B3 and
E3.(Fig. 7-2) The Levels were located at the sixth points along the length of the specimen and
at the ends. Level 0 was at the bottom and Level 6 at the top of the specimen. An example of
an LVDT label is LVDT L33 which means the location at the mid-length (three sixths) and on
Line 3 (180-degree Reference Line).
7.1.2 Gage Installation
The LVDT's were connected to long aluminum rods which were attached to the
specimen wall by epoxied wooden blocks. The rods were free to rotate as the attached points
displaced vertically, but only the horizontal motion of the specimen was transmitted to the
LVDT. The LVDT in the dent was attached to a hardened screw driven into a small
pre-drilled hole in the dent, rather than to an epoxied wooden block. This was necessary since
the Epoxy would break off due to the extensive yielding in the dented portion. (This actually
occurred during the test of Specimen El.)
Dial gages were used in addition to LVDT's at several critical points to ensure the
accuracy of the results. For example, dial 'D33' was located at mid-length on Line 3
(180 Reference Line) opposite the dent. This was used to verify the accuracy of the readings
from LVDT 'L33'. Dial gages DOl and DHO were at the bottom of the specimen to verify L03.
DOl measured the lateral motion at the strain gages of Level 0, and DHO measured the
horizontal motion of the end fixture. Dial gage DVI (with an extension wire) was used to
measure the machine head motion. These arrangements are shown in Fig. 7-3 for Specimens
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El, B3, and E3 and in Fig. 7-4 for the other dented specimens.
Axial shortening was measured by LVDT LVI with an extension wire under tension.
LVDT LVI was attached to the bottom fixture by a special arrangement which allowed the
LVDT to remain vertical independent of the rotation of the end fixture. The top end of the
wire was tied to a bolt in the top fixture. This measurement was considered to be the axial
shortening of the specimen. Dial gage DVI was attached to the machine base and the end of
the extension wire was tied to the machine head. The results for the two measurements
differed slightly due to the squashing of gaps in the fixtures under high loads. (For example, in
Fig. 7-10 for Specimen P3PA)
Rotation gages were used to record rotations at key locations along the specimen. The
first pin-ended specimens El, B3 and E3 had rotation gages 7.5 inches from the ends.(Fig. 7-3)
For the subsequent specimens, four rotation gages were available. One was attached to each
end fixture and one just above and below the dented portion.(Fig. 7-4) This gave a better
representation of the sharp discontinuity in the dented portion during testing.
Except for the end rotation gages, all electronic sensors (strain gages and LVDT's)
were read and recorded using a MEGADAC data acquisition unit8 . The dial gages and the end
rotation gages were read and recorded manually.
8MEGADAC Data Acquisition Unit, OPTIM Corp., German Town, Maryland
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7.2 GENERAL TEST SETUP
The pin-ended damaged specimens were tested with cylindrical end fixtures. The
design of the fixtures allowed for rotation in one plane, with only rolling friction of a
cylindrical surface on a plane. Eccentricity in the direction perpendicular to the plane of
rolling was eliminated by placing Hydrostone between the fixture and the end plate of the
specimen initially and, in a few cases when eccentricity developed later, by adjusting the
fixtures.
One cylindrical end fixture was attached to the machine head. The specimen was
rolled into the machine while in the upright vertical position and bolted to the top cylindrical
end fixture. Then, the specimen was lifted two feet by the machine head and the bottom
fixture was positioned under the specimen. Then, the specimen was lowered onto the bottom
fixture. After the specimen was positioned, the two end plate hold-down bolts were loosened
and the specimen was lifted about two inches. Wood strips were taped to the bottom of the
end plate prior to lowering the specimen onto the grout. This eliminated any metal-to-metal
contact. Hydrostone was placed on the end fixture, and the specimen lowered onto the grout.
The grouting of the top end fixture was similar except a wooden wedge was used to gage the
size of the gap in the top, as the top cylindrical end fixture and machine head was lowered
onto the Hydrostone-covered top end plate.
The final step was to connect all the wires, brackets, LVDT's, gages, and dials and
check that all were functioning properly before starting the test.
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7.3 GENERAL TESTING PROCEDURE
The loading procedure for the specimens was divided into two parts: the pre-ultimate
range and the post-ultimate range. In the pre-ultimate range, readings were taken after each
load increment and again a few minutes later after the load had stabilized. The first few load
increments were small to accommodate the initial adjustments of the end fixtures. The load
steps were increased after the initial loading stage and then again reduced as the anticipated
ultimate approached. At all steps, the mid-length lateral displace~ent and axial shortening
were plotted against the load to estimate the approach of the ultimate load. The peak load
o
was recorded as the dynamic ultimate load, and the static ultimate load was read after the
load had stabilized at approximately the same axial deformation.
In the post-ultimate range, the specimens were compressed by axial shortening
displacement increments. Readings were taken after the displacement increment and again a
few minutes after the load had stabilized. This procedure was discontinued at an axial
shortening of about two-and-half to four times the axial shortening at the ultimate load.
Then, the specimen was unloaded in several steps.
7.4 DESCRlPTION OF AXIAL TESTS ON INDIVIDUAL SPECIMENS
The description order of the axial tests is given in the order of the listing of the
specimens in the table and is not necessarily the order of actual testing.
7.4.1 Specimen PIP
During the initial loading of Specimen PIP, the lateral displacements and the strain
gage readings showed that, due to the small dent size and the negative initial out-of-
straightness, the specimen was bending to produce tension on the dent side. This was
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producing a lateral motion which was opposite to the intended direction. Additionalload
increments up to 0.53Py (275 kips) confirmed that the specimen would first yield in
compression on the side opposite the dent. The test was stopped and the specimen unloaded.
It was determined that a small positive end eccentricity of 0.75 inches would ensure
that the specimen would fail at mid-length on the dent side.(Fig. 7-5) The holes in the end
plates were slotted by using a cutting torch to provide for such an eccentricity and the
specimen was reset and re-grouted at both ends.
The specimen was reloaded in 20-kip increments and the readings confirmed that the
lateral motion of the specimen was in the direction that would cause higher compressive stress
on the dent side. The dynamic ultimate load was 0.627Py (328 kips) and the static ultimate
load was 0.61lPy (320 kips).(Fig. 7-6) After the ultimate load, the specimen quickly lost its
strength with additional axial displacement. After 12 axial compression increments, the total
axial shortening was 1.94 times the axial shortening at the ultimate, and the load was
0.29Py (152 kips). The specimen was unloaded in four steps.
\
7.4.2 Specimen P2P
Specimen P2P was loaded in 50-kip increments, and, after a load of 0.35Py (400 kips),
20-kip increments were used because the mid-length lateral displacement indicated that the
ultimate load was being approached. The dynamic ultimate load was 0.46Py (530 kips) and
the static ultimate load 0.45Py (516 kips). After this, the specimen gradually lost its strength
with additional axial shortening.(Fig. 7-8) After 16 axial compression increments, the total
axial displacement was 3.1 times the axial displacement at the ultimate, and the load was
0.21Py (242 kips). The specimen was unloaded in three steps.
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7.4.3 Specimen P3PA
Specimen P3PA was loaded in 50-kip increments, and, after a load of
0.58Py (850 kips), 25-kip increments were used because the mid-length lateral displacement
indicated that the ultimate load was being approached. The dynamic ultimate load was
0.648Py (950 kips) and the specimen quickly lost its strength and stabilized to a load of
0.56Py (825 kips).(Fig. 7-10) The specimen had a sharp loss of strength with increasing axial
displacement, and, after a total axial displacement of 2.5 times the axial shortening at the
ultimate, the load was 0.22Py (316 kips). The specimen was unloaded in two steps.
7.4.4 Specimen P3PB
Specimen P3PB was loaded in 50-kip increments, and, after a load of
0.375Py (550 kips), 25-kip increments were used because the mid-length lateral displacement
indicated that the ultimate was being approached. The dynamic ultimate load was
0,43Py (630 kips) and the static ultimate load 0,423Py (620 kips). (Fig. 7-12) The specimen
had a gradual reduction in strength with increasing axial displacement, and, after a total axial
displacement of 3.4 times the axial shortening at ultimate, the load was 0.22Py (318 kips).
The specimen was unloaded in five increments.
7.4.5 Specimen P4P
Specimen P4P was loaded in 10-kip increments to a load of 0.05Py (30 kips), then the
load increment was increased to 20-kips. A dynamic ultimate load of 0.45Py (289 kips) and a
static ultimate load of 0.44Py (283 kips) were reached. (Fig. 7-14) The specimen had a
gradual loss of strength with increasing axial displacement, and, after a total axial
displacement of 4.1 times the axial shortening at the ultimate, the load was 0.15Py (96 kips).
The specimen was unloaded in four increments.
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7.4.6 Specimen D1
Specimen Dl was initialJy loaded in 20-kip increments. However, after three
increments, it was observed that strain increments in strain gages SG02 and SG04 were not
equal. Since there should be no eccentricity in the direction transverse to the plane of bending,
the load was reduced and adjustments were made to the bottom flXture. The specimen was
reloaded and the strain gages checked again. Two additional adjustments were required to
bring the strain gages into agreement.
The specimen was loaded to 0.24Py (150 kips) during this adjustment procedure.
After the final adjustment was made, the specimen was loaded from 30 kips to
0.24Py (150 kips) in one load step. One additional load increment of 30 kips was made before
the specimen failed at a dynamic load of 0.304Py (193 kips) and then stabilized to a load of
0.296Py (188 kips).(Fig. 7-16) The specimen displayed a gradual loss of strength with
increased axial displacement and after a total axial displacement of 2.7 times the axial
shortening at the ultimate, the load was O.llPy (71 kips). At this point the specimen cracked
at mid-length on the side opposite the dent.
The crack was found to be in an area that had significant reduction of walJ thickness
due to corrosion on the inside of the specimen. Ultrasonic thickness measurements indicated
that the thickness in this area was 0.21 inches, that is 58 percent of average thickness of the
specimen. After cracking, the specimen was unloaded.
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7.4.7 Specimen El
Specimen El was the first dented specimen tested in this program, and it provided
important insight into the behavior of the dented columns and many firsts for the testing
procedure. A 0.25D (2.6-inch) end eccentricity with respect to the center of gravity at the end
was intended for the specimen. A misinterpretation of the end eccentricity vs. the total
effective eccentricity at the dent ( 008 + e) resulted in the actual geometric end eccentricity of
0.9 inches instead of the intended 2.6-inch end eccentrieity.(Fig. 7-5)
At mid-length, an additional strain gage was installed on the 315-degree reference line
between 8G33 and SG34. During the test, the wooden block epoxied in the dent for LVDT
L21 spalled off and the later dent deflection readings was measured with calipers. A screw
attachment was used at this location for all subsequent tests.
The specimen was loaded in 20-kip increments until the it reached 0.247Py (160 kips)
when the testing machine indicated an overload in the low range (of the machine). The
specimen was unloaded to 20 kips and a valve was adjusted to correct the problem. The
specimen" was reloaded to 0.245Py (160 kips) and was loaded three more increments before the
specimen reached a dynamic ultimate load of 0.36Py (237 kips) and stabilized to a load of
0.358Py (232 kips).(Fig. 7-18) The acoustic sensors confirmed the onset of yielding in the
specimen. The specimen had a gradual loss of strength with increased axial displacement, and,
after a total lUCial shortening of three times the axial shortening at ultimate, the load was
0.19Py (125 kips). The specimen was unloaded in four steps.
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7.4.8 Specimen B3
Specimen B3 did not have a V-shaped dent as the others, but it had an
out-of-straightness of 3.75 inches near mid-length and there was a 0.75-inch ovalization that
extended over three diameters in the area of the mid-length. Location of strain gages and
LVDT's in this specimen were different than for the pin-ended dented specimens. The strain
gages were located 2 inches from each end, at the bottom quarter, at the mid-length, and at
the top sixth point of the specimen.(Fig. 7-20) The LVDT's were attached at the quarter
points except for L2l which was located 12 inches above the mid-length. A O.OOl-inch dial
gage was used at L03 to replace a damaged LVDT.
Specimen B3 was loaded in 25-kip increments to a dynamic ultimate load of
0.5l6Py (392 kips) which stabilized to a static ultimate load of 0.504Py (383 kips). (Fig. 7-21)
The spalling of rust from the surface and increased acoustic emissions during the last load step
indicated that failure was imminent. The specimen lost its strength gradually, and, after a
total axial shortening of 3.6 times the axial shortening at the ultimate, the load was
0.34Py (258 kips). The specimen was unloaded in five load steps.
7.4.9 Specimen D3
Specimen D3 was loaded in 20-kip increments, and, at a load of 0.12Py (100 kips), it
was observed that the strain increments for strain gages SG02 and SG04 at the bottom end of
the specimen were not equal. Since there should not be any eccentricity in the direction
transverse to the plane of bending, the specimen was unloaded to 50 kips and the bottom
fixture was adjusted. The specimen was re-Ioaded to 0.12Py (100 kips) and the adjustment
proved to be effective.
The specimen was loaded in 25-kip increments to a dynamic ultimate load of
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0.549Py (456 kips) and a static ultimate load of 0.542Py (450 kips). (Fig. 7-23) A steep loss of
strength then followed as the specimen was compressed. After the specimen was compressed to
a total of 2.5 times the axial shortening at the ultimate, the load stabilized to
0.24Py (202 kips). The specimen was unloaded in four steps.
7.4.10 Specimen E3
Specimen E3 was designed to have a geometric end eccentricity of 0.25D (3.4 inches).
A misinterpretation of the end eccentricity vs. the total effective eccentricity at the dent
(008 + e) resulted in the actual geometric end eccentricity of 2.2 inches instead of 3.4-inches.
(Fig. 7-5)
The LVDT arrangement was successful except that LVDT L03 had to be replaced by a
O.OOI-inch dial gage due to a malfunction. (Fig. 7-3).
Specimen E3 was loaded in 25-kip increments to a dynamic ultimate load of
0.444Py (337 kips), and it stabilized at a static ultimate load of 0.431Py (327 kips).(Fig. 7-25)
The acoustic sensors indicated increased activity during the last load steps before the ultimate
load. The remainder of the barnacles and rust also began to flake off near the ultimate load.
The specimen sustained the ultimate load for three compression increments before the load
gradually dropped. After a total axial displacement of 3.5 times the axial shortening at the
ultimate, the load was 0.23Py (173 kips). The specimen was unloaded in six steps.
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8. TEST ON LONG COLUMNS WITH FIXED ENDS
8.1 INSTRUMENTATION
The instrumentation for the tests on long columns with fixed ends consisted of strain
gages, LVDT's , O.OOI-inch dial gages and rotation gages. The labeling schemes for theses tests
included the 'Level' concept from the pin-ended specimens and the longitudinal reference lines
at 0, 90, 180, and 270 degrees as Lines 1, 2, 3 and 4, respectively.
Four longitudinal strain gages were located at each of the seven Levels along the
specimen. These included one Level of strain gages 1.5D above the mid-length and one Level
1.5D below the mid-length of the specimen.(Fig. 8-1)
The LVDT's were at seven Levels. The three lower LVDT's (L03, LI3, and L23),
were at the strain gage Levels, and the upper LVDT's (L63 and L53) were placed
symmetrically to L03 and L13, respectively. LVDT L43 was at the upper quarter point which
was expected to be near the inflection point.
The rotation gages were attached to the specimen two diameters above and below the
mid-length of the specimen and 8 inches away from the ends.
Lateral displacement dial gages were attached opposite the dent at the mid-length, at
the Level of strain gages 1.5D above the dent, and at the DOl position. LVDT LVI (with a
tensioned extension wire) measured the axial shortening, and dial gage DVI (with an extension
wire) measured the head motion.
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8.2 TEST SETUP
In order develop moments at the ends of the specimen, the fIxed-ended damaged
specimens were tested with their ends bolt clamped to the machine head and a large plate.
The specimen was rolled into the machine in the upright vertical position, centered and
clamped to the machine head. Then, the specimen and a large (6-foot by 4-foot, 2-inch thick)
bottom plate were lifted off the rollers and then lowered to rest on the machine base.
The specimen was unclamped from the large bottom plate and lifted two inches so
that the large plate could be centered with respect to the machine base. Wooden strips were
taped to the specimen end plate to eliminate metal-to-metal contact, and Hydrostone grout
poured on top of the big plate. The specimen was lowered onto the grout, aligned on the plate,
and secured. Later, after the grout set, the end plate of the specimen was bolt clamped to the
large plate. The grouting of the top involved pouring grout onto a plastic sheet and placing
the sheet on top of the specimen. The machine head was lowered and a wooden wedge was
used to gage the size of the gap between the top of the specimen and the machine head. The
specimen was bolt clamped to the machine head after the grout had set for an hour.
The fInal step was to connect all the wires, brackets, LVDT's, gages, and dials and
check that all were functioning properly before starting the test.
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8.3 DESCRIPTION OF INDNIDUALTESTS AND TEST RESULTS
8.3.1 Specimen P1F
Specimen P1F was very straight with a O.05D (O.74-inch) dent located at the mid-
length. Due to this small imperfection, it was not clear if the specimen would fail at the mid-
length or at the ends. Thus, prior to the test, the specimen was white washed at the
mid-length (dent area) and at the lower end in order to observe the yield patterns at these
locations.
The specimen was loaded in 25-kip increments until it reached a dynamic ultimate
load of O.813Py (425.5 kips). During the last load step, the white wash at the mid-length
showed yield lines and the strain gages also indicated that the specimen had yielded there.
The specimen stabilized to a static ultimate load of O.794Py (415.5 kips).(Fig. 8-2) During the
next compression increment, the white wash at the bottom end showed yield lines on the side
opposite the dent. This indicated that the dented segment yielded just before the ends yielded.
The specimen gradually lost its strength with additional axial compression, and, after
a total axial displacement of 2.8 times the axial shortening at the ultimate, the specimen gave
off a loud sound. It was suspected that the weld at the top cracked at this point in the test,
but there was no loss of strength, so the test was continued. After a total axial displacement
of four times the axial shortening at the ultimate, the load was O.35Py (183 kips). The
specimen was unloaded in two steps.
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8.3.2 Specimen P2F
Specimen P2F had an out-of-straightness of 0.94 inches and a 0.136D (2.37-inch) dent
depth. Due to the size of the dent and the out-of-straightness, it was expected that initial
yielding would occur at the mid-length. Prior to the test, the specimen was white washed at
the mid-length (dent area) and at the lower end to observe the pattern of yielding at these
locations.
The specimen was loaded in 25-kip increments until it reached a dynamic ultimate
load of 0.682Py (~82 kips). During the last load step the white wash at the mid-length showed
yield lines and the strain gages also indicated that the specimen had yielded there. The
specimen stabilized to a static ultimate load of 0.67Py (768 kips).(Fig. 8-4) The specimen
gradually lost its strength with additional axial displacement and the white washed segment at
the lower end began to show yield lines on the side opposite the dent. After most of the white
wash had flaked-off the lower end, a bulge developed there on the side opposite the dent. After
a total axial displacement of 3.2 times the axial shortening at the ultimate, the load was
0.375Py (430 kips). At this point, the bottom weld fractured on the tension side. The
specimen was unloaded in one step.
8.4 POST-TEST SURFACE-PROFILES
The profiles of the specimens were measured using the survey level and aI/64th-inch
division scale. The line of center-punched points was positioned on 'top' and the
out-of-straightness was measured at each point. As shown in Fig. 8-7 for Specimen PIF and
Fig. 8-9 for Specimen P2F, the post-test profiles were plotted with the pre-test profiles to
illustrate the growth of the dent depth.
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9. STRAIGHT SPECIMEN TESTS USING SPHERICAL
BEARING FIXTURES
9.1 INSTRUMENTATION
Spherical bearing end fixtures were used for the tests on straight, corroded and
uncorroded specimens since the direction of lateral deformation was not known in advance.
The instrumentation was designed accordingly to measure lateral displacement in any
direction.
As for the other tests, the instrumentation for the tests with spherical fixtures included
strain gages, LVDT's, O.OOI-inch dial gages, and rotation gages. Five Levels of strain gages
and LVDT's were attached at the quarter points and at a distance of one diameter from the
~nds. The strain gages were on the four longitudinal reference lines at 0, 90, 180 and 270
degrees labeled Lines 1, 2, 3 and 4. Pairs of LVDT's were positioned perpendicular to each
other at each Level to define the lateral displacement of the specimens in two component
directions.(Fig. 9-1)
As shown in Fig. 9-1, dial gages D2E and D2W (with extension wires) were attached
to the specimen by screws drilled into the specimen at the mid-length, opposite LVDT's L2W
and L2E. The axial shortening of the specimen was measured using LVDT's LVE and LVW
with extension wires. The LVE and LVW LVDT's were attached to bolts welded to the
specimen five inches from the bottom on Lines 2 and 4, and the wires were tied to the bolts
welded five inches from the top. Also, dial gage DVI was placed on the machine base, and its
extension wire was tied to the machine head to measure the head displacement. (Fig. 9-2)
Two top rotation gages were attached to the bolts welded five inches from the top of
the specimen. The rotation gages on Lines 1 and 2 were labeled 'North' and 'West'
respectively.
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The other two rotation gages were of a different type and were not used because out-
of-plane tilting distorted their readings. Instead, long lever arms with dial gages were used at
the bottom end. (Fig. 9-3)
Unfortunately, the dial gage rotation readings were not very reliable because the one-
inch long, O.OOl-inch dial gages used were not sensitive enough to detect the rotation
developing before the ultimate load. On the other hand, when the specimen did fail and
during the post-ultimate range, the amount of end rotation quickly exceeded the stroke of the
one-inch dial gages.
9.2 GENERAL TEST SETUP
A 2.5 million pound capacity spherical bearing was attached to the machine head of
the testing machine and a 1.5-million pound spherical bearing was placed on the machine base.
The specimens were spot welded to a pair of machined three-inch thick end plates which were
then placed on the bearings. Each end plate had four steel lugs welded to it to keep the
bearing in the center of the end plate. Wooden wedges were driven between the bearing and
the lugs for finer adjustments and to hold the bearing in position. (Wedging was used in order
to avoid welding the bearings to the end plates as shown in Fig. 2-7)
The installation of the specimen into the machine followed a predetermined procedure.
Each specimen was rolled into the testing machine in an upright, vertical position and then
lifted by the machine head using the lifting lugs welded near the top to the specimen. The
specimen was centered and lowered onto the bottom spherical fixture, aligned, and the wooden
wedges were driven into the gap between the bearing and the four steel lugs. The specimen
was held in the vertical position using angle cross braces bolted to the top end plate. The
machine head and the top spherical fixture were lowered and wedged into place once the
specimen was properly centered. Grouting was not necessary for these tests because all the
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contact surfaces were machined and the spherical fixtures were self adjusting.
The final step was to connect all the wires, brackets, LVDT's, gages and dials, and to
check that all were functioning properly before starting the test.
9.3 GENERAL TESTING PROCEDURE
The testing procedure for the specimens was divided into the pre-ultimate and
post-ultimate ranges. The pre-ultimate range was controlled by load increments and the
post-ultimate range by displacement increments.
The extent of the post-ultimate range was limited either by the 5-degree rotation
capacity of the top spherical bearing or by the stroke of the horizontal LVDT's in the upper
portion of the specimen. (Whereas the lower dial gages and LVDT's could be reset, the upper
gages were not accessible.)
9.4 DESCRIPTION OF INDIVIDUAL TESTS
9.4.1 Specimen C1
Specimen Cl had considerable corrosion, including a hole, near the 'B' end. In order
to facilitat!! ,C?bservation of this area, the specimen was tested with end 'B' at the bottom.
The specimen was loaded in 15-kip increments to a dynamic ultimate load of
0.443Py (183 kips). During the last load step, flakes of rust were spalling off the sides. The
load stabilized to a static ultimate load of 0.428Py (177 kips). An almost complete ring bulge
developed two feet above 'Level' 1 strain gages. Surprisingly, no signs of local buckling
appeared in the area of the hole. The specimen maintained the load for three more
displacement increments, before it rapidly lost its strength.(Fig. 9-4) The specimen stabilized
to a load of O.283Py (117 kips) and the test was stopped at this point so that the pattern of
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the buckled section would not be too distorted. The specimen was unloaded in three steps.
The thickness of the buckled area was measured using ultrasonic equipment in a 2-inch
by 2-inch grid. The thickness of the section with the hole was also mapped and scribed. It
was clear from these results that the buckled area had a more extensive reduction of thickness
than the area with the hole.(Tables 3-9 and 3-10)
9.4.2 Specimen SI
Specimen SI was essentially straight and had little surface corrosion. It was intended
to be a comparison specimen for the dented Specimens D1 and E1 and the corroded Specimen
Cl.
Specimen S1 was loaded in 25-kip increments to a dynamic ultimate load of
0.738Py (469 kips) which stabilized to a static ultimate load of 0.722Py (459 kips).(Fig. 9-6)
The specimen was compressed a small increment and again reached a dynamic load of
0.738Py (469 kips) but quickly lost its strength and deflected a total of 4.0 inches at the
mid-length. (Fig. 9-7) At this point, the static load was 0,418Py (266 kips). After resetting
many of the LVDT's and dial gages, the specimen was compressed two more times. At a
static load of 0.395Py (251 kips), there was excessive rotation in the top bearing. The
specimen was unloaded in two steps.
9,4.3 Specimen C2
The corroded specimen C2 was loaded in 25-kip increments and at 0.743Py (500 kips),
the strain gages indicated that yielding had occurred at Level 4, and a bulge was noticed
between strain gages SG42 and SG43. The loading was then continued. A dynamic load of
0.806Py (542 kips) was reached, an it stabilized to a static load of 0.788Py (530 kips). Axial
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shortening at this point was increasing rapidly with small increases of load. Increments of
displacement were made after this point and, after seven increments, the specimen reached the
dynamic ultimate load of 0.862Py (576 kips) which stabilized to a static ultimate load of
0.826Py (556 kips).(Fig. 9-9) After this point, lateral deflection increased rapidly with
additional axial compression. At a load of 0.758Py (510 kips) the lateral deflection readings,
rotation readings, and strain readings indicated that a portion near the top end was developing
a sharp dent-like buckle between strain gages SG42 and SG43. The test was continued until it
had to be stopped because of the excessive rotation in the top spherical bearing. The specimen
was unloaded in two steps.
The buckled portion of the specimen was surveyed and the thickness was mapped in a
2-inch by 2-inch grid.(Fig. 9-2) Thickness measurements showed that the reduction of
thickness due to corrosion was concentrated in the area where the buckling occurred. This is
what led to the sharp dent-like kink that formed there.
9.4.4 Specimen S2_
Specimen S2 was essentially straight and had little surface corrosion. It was intended
to be a comparison specimen for the corroded specimen C2. Specimen S2 was loaded in 25-kip
increments to a dynamic ultimate load of 1.022Py (794 kips) which stabilized to a static
ultimate load of 0.986Py (766 kips). For five displacement increments, the specimen was
maintaining this load. After the last increment, the load stabilized to a lower load of
0.94Py (730 kips).(Fig. 9-10) After the next displacement increment, the load stabilized to
0.747Py (580 kips), and a lateral displacement of two inches was recorded at the
mid-length.(Fig.9-11) The LVDT's and dial gages were reset and a displacement increment
was made. The load stabilized to 0.61Py (474 kips) at a 4.75-inch mid-length lateral
displacement. At this point, the axial shortening was 0.81 inches and several of the gages were
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at the end of their stroke. The specimen was unloaded in two steps.
9.4.5 Specimen S3
Specimen S3 was essentially straight and had little surface corrosion. It was intended
to be a comparison specimen for the dented Specimens D3, E3 and the bent Specimen B3.
Specimen S3 was loaded in 25-kip increments to a dynamic load of 0.885Py (675 kips)
which stabilized to a static load of 0.88Py (672 kips).(Fig. 9-12) A displacement increment
was attempted, but, after the dynamic ultimate load of 0.904Py (690 kips) was reached, the
specimen lost stiffness, deflected 2.4 inches at the mid-length, and stabilized to a load of
0.577Py (440 kips). (Fig. 9-13) After this point, the specimen gradually lost its strength with
increased axial displacement. The test was stopped at a load of 0.498Py (380 kips) when most
of the LVDT's were at the end of their stroke. The specimen was unloaded in three steps.
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9.4.6 Specimen C4B
Specimen C4B was loaded in 25-kip increments to a dynamic ultimate load of
0.829Py (490 kips) which stabilized to a static ultimate load of 0.813Py (480 kips). After two
displacement increments, the load stabilized to a static load of 0.8Py (472 kips). During the
next increment, the load quickly dropped and stabilized to 0.707Py (418 kips).(Fig. 9-14) At
this point, a local buckle was noticed 2.7 inches above the mid-length. The specimen gradually
lost load with additional axial displacement, and, after several displacement increments the
load stabilized to 0.53Py (311 kips). Since there was an excessive rotation in the top bearing,
the specimen was unloaded in three steps.
The final out-of-straightness of the specimen was measured, and a 2-inch by 2-inch
thickness map was made for the buckled area.(Table 9-3)
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10. COMPARISON OF SPECIMEN BEHAVIOR AND
STRENGTH
10.1 SPECIMENS PIP AND PIF
Specimens PIP and P1F were tested to determine the effects of end restraint on the
ultimate load and on the post-ultimate behavior of specimens with small dent depths. PIP, a
pin-ended specimen, and P1F, a fixed-ended specimen, were designed to have the same 0.05D
dent. The actual dent was 0.047D for the two specimens and the measured out-of-straightness
for the pinned specimen was (-)0.3 inches and 0.37 inches for the fixed specimen.(Table 10-1)
During testing, the pre-ultimate axial stiffness of the pin-ended and the fixed-ended
specimens was very similar. The ultimate load for the pin-ended specimen was
0.611Py (301 kips)and 0.794Py (415.5 kips) for the fixed-ended specimen. Thus, the
fixed-ended specimen had 1.26 the ultimate load of the pin-ended specimen.(Fig. 10-1)
The post-ultimate behavior of the two specimens was quite different. The pin-ended
specimen carried 0.31Py (152 kips) after a total axial displacement of 1.94 times the axial
shortening at the ultimate, a decrease of 49.5 %. The fixed-ended specimen carried
0.57Py (298 kips) after the same relative displacement, a decrease of only 28.3%.
10.2 SPECIMENS P2P AND P2F
Specimens P2P and P2F were tested to determine the effect of end restraints on the
ultimate load and post-ultimate behavior of specimens with a large dent. P2P, a pin-ended
specimen, and P2F, a fixed-ended specimen, were dented with identical 0.14D (2.33-inch) depth
dents. The measured out-of-straightness for the pinned specimen was 0.66 inches and 0.94
inches for the fixed specimen.(Table 10-2)
During testing, the pre-ultimate axial stiffness for the two specimens was very similar.
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The ultimate load for the pin-ended specimen was 0,45Py (516 kips) and 0.617Py (762 kips)
for the fixed-ended specimen. Thus, the fixed-ended specimen had 1,48 the ultimate load of
the pin-ended specimen.(Fig. 10-2)
The post-ultimate behavior of the two specimens was not as dramatically different as
for the specimens with a smaller dent (PIP and P1F). The pin-ended specimen carried
0.21Py (242 kips) after a total axial shortening of 3.1 times the axial shortening at ultimate, a
decrease of 53.1%. The fixed specimen carried 0.389Py (442 kips) after the same relative
displacement, a decrease of 42%. Slopes in the post-ultimate range are relatively similar for
two specimens.
10.3 SPECIMENS P3PA AND P3PB
Specimens P3PA and P3PB were tested to evaluate the effects of different dent depths
on specimen with a high (D/t). Specimen P3PA was dented 0.051D and P3PB was dented
0.148D. The out-of-straightness for P3PA was 0.3 inches and for P3PB, 0.98 inches. The
ultimate load for P3PA was 0.648Py (950 kips) and for P3PB, 0,423Py (610 kips).(Table 10-3)
The post-ultimate behavior of the two specimens was quite different.(Fig. 10-3)
P3PA had a sharp loss of strength after the ultimate load and leveled off after significant axial
displacement. P3PB had a more gradual loss of strength after the ultimate. Specimen P3PA
carried 0.3Py (432 kips) after a total axial displacement of 2.0 times the axial shortening at
ultimate, a decrease of 54.5%. P3PB carried 0.3Py (430 kips) after the same relative
displacement, a decrease of 29.5%.
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10.4 SALVAGED SPECIMENS OF SERIES 1
The four salvaged specimens of Series 1: C1, D1, E1 and Sl had a D/t= 27.5, L/r= 80
and Fy= 50 ksi. The purpose of the tests was to evaluate the effects of a dent, a dent and end
eccentricity, and corrosion on a specimen. D1 and E1 were intended to have the same dent
depth of 0.15D, and Specimen Sl was not damaged. (Table 10-4) The ultimate load for
Specimen D1 was less than the ultimate for E1 due to the corrosion of the cross section at mid-
length, but the post-ultimate slopes of D1 and E1 were similar.(Fig. 10-4) The test of
Specimen C1 showed that the ultimate load was greatly reduced because of the amount of
corrosion present, and Specimen Sl indicated that both damage and corrosion significantly
reduced the ultimate load of the specimen.
10.5 SALVAGED SPECIMENS OF SERIES 2
Specimens C2 and S2 were tested to measure the effects of corrosion on a specimen
with a low L/r ratio. The two specimens had D/t= 30.5, L/r= 60 and Fy around 40 ksi.
(Table 10-5)
The effect of corrosion on the specimen reduced the ultimate strength of the specimen
by about 20 percent.(Fig. 10-5)
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10.6 SALVAGED SPECIMENS OF SERIES 3
Specimens B3, D3, E3 and S3 were tested to compare the effects of out-of-straightness,
a dent, a dent and end eccentricity. Specimens D3 and E3 were intended to have 0.15D dents.
The four specimens had a D/t= 30.5, L/r= 70 and Fy around 40 ksi. (Table 10-6)
As expected, Specimen E3 which was dented and tested with end eccentricity, had the
lowest ultimate load.(Fig. 10-6) The bent Specimen B3 and the dented Specimen D3 had
similar ultimate loads. The straight specimen S3 indicated that damage significantly reduced
the capacity of the damaged specimens.
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11. Comparison of Tests with Analytical Methods
11.1 COMPARlSON WITH DENTA
Chevron Oil Research Company analyzed all the test specimens using DENTA [8].
The load-shortening predictions for DENTA and the test curves are shown in Figs. 11-1 to
11-27.
DENTA predicted the ultimate load for all the dented specimens within a range of
0.872 to 1.074 times the experimental load, and it predicted the ultimate load for the straight
specimens within a range of 0.957 to 1.137 times the experimental load.
Apparently residual stresses in the fabricated specimens had little effect on the
accuracy of DENTA since it predicted the ultimate load within a range of 0.926 to 1.074 times
the experimental ultimate load.
The axial shortening vs. non-dimensional load plots show that there are some
significant differences between the DENTA predictions and the experimental curves. The
DENTA predictions for specimens tested with end eccentricity were quite different from the
test curves. In the post-ultimate range, the DENTA predictions were conservative for all the
dented specimens except Specimen P2F. The DENTA predictions for the post-ultimate
behavior of the straight specimen S2 differed greatly from the experimental curve.
DENTA modeling was attempted for the three corroded specimens. DENTA
accurately predicted the behavior of Specimen C4B which had uniform corrosion over the
entire length of the specimen. However, DENTA had very poor correlation with the test of
Specimen Cl which had heavy corrosion in localized areas. DENTA was not able to able to
predict local buckling of the specimen.
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11.2 COMPARISON WITH BCDENT
Exxon Production Research Company analyzed all the test specimens using
BCDENT9. The load-shortening predictions for BCDENT and the test curves are shown in
Figs. 11-1 to 11-27.
11.3 COMPARISON WITH ADINA
The pin-ended dented specimens were analyzed by using ADINA.[I] The
load-shortening predictions for ADINA (Labeled FE in the plots) and the test curves are shown
in Figs. 11-2 to 11-18.
11.4 COMPARISON WITH WBK
The pin-ended dented specimens were analyzed by using a program developed by
Woobum Kim. The program predictions (labeled WBK in the plots) and the test curves are
shown in Figs. 11-2 to 11-18.
9BCDENT, a proprietary program of Exxon Production Research Company.
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12. Summary and Conclusions
Eighteen large-scale tubular columns were tested to investigate the axial load vs. axial
shortening relationship of dented or corroded columns. The purpose of testing large-scale
specimens was to determine how dimensions and residual stresses affected the ultimate strength
and post-ultimate behavior of damaged tubular columns.
In this group, eleven salvaged and seven newly fabricated column specimens were
tested. The specimens had lengths ranging from 22 to 3504 feet and diameters ranging from
lOA to 24.5 inches. All the fabricated specimens and four of the salvaged specimens were
dented at mid-length with dent depths ranging from 5 % to 15 %of the diameter. Of these
specimens, two were tested with fixed ends, two with end eccentricity and seven with pinned
ends. The tests on salvaged and fabricated specimens indicated that residual stresses present in
the fabricated specimens had little effect on the ultimate strength and post-ultimate behavior
of a damaged tubular specimen.
The remaining seven salvaged specimens were tested without denting, and of these,
three were corroded, one was badly bent and three were non-corroded. Local buckling occurred
in two of the corroded specimens before overall yielding. This was due to a significant
reduction of thickness at a particular cross-section.
Several methods were used to analyze the test specimens. Comparison indicated that
the analytical methods could relatively accurately predict the ultimate strength for dented
columns, but were conservative in estimating their post-ultimate behavior. The analytical
methods also predicted the behavior of the uniformly corroded specimens, but could not
accurately predict the behavior of specimens with localized corrosion, for which local buckling
was the failure mode.
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13. Recommendations for Future Research
The following areas are recommended for future research based on this study:
1) A computer program that can better predict the post-ultimate behavior of damaged
tubular columns.
2) A study of practical repair methods for damaged members.
3) An in-depth study of the effects of local reduction of thickness, possibly, by making
controlled 'corroded' areas by grinding. This study should include a statistical analysis
of the type and extent of corrosion found in existing offshore structures.
4) An analytical method for evaluating the residual strength of corroded members.
5) A technique for quick determination of the thickness of a tubular member without
surface preparation.
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----------------
End 'A' End 'A' End'S' End'S'
Perimeter thickness Ultrasonic thickness Ultrasonic
(in.) (in.) (in.) (in.) (in.)
1 2 3 4 5
0 0.379 0.38 0.253
2 0.372 0.273
4 0.365 0.14
6 0.364 0.36 0.115 0.12
8 0.378 0.153
10 0.375 0.15
12 0.356 0.18 0.19
14 0.358 0.222
16 0.358 0.267 0.255
18 0.36 0.342
20 0.364 0.363 0.36
22 0.334 0.366
24 0.288 0.332
26 0.278 0.302
28 0.278 0.24 0.23
30 0.348 0.216
32 0.368 0.246
tave=
Area =
0.348 in
11.327 in"'2
0.245 in
7.876 in"'2
Table 3-1: SPCCil1lCII CI - Elld Thicklll'SS ~1l'<ISIlI'l'JIIl'III$
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End 'A' End 'A' End'B' End'B'
Perimeter thickness Ulrasonic thickness Ultrasonic
(in.) (in.) (in.) (in.) (in.)
1 2 3 4 5
0 0.374 0.37
2 0.375 0.373
4 0.373 0.372
6 0.373 0.37
8 0.376 0.375
10 0.375 0.373
12 0.371 0.376
14 0.376 0.375
16 0.374 0.374
18 0.372 0.373
20 0.37 0.371
22 0.373 0.375
24 0.37 0.373
26 0.372 0.375
28 0.374 0.374
30 0.375 0.373
32 0.376 0.371
tave =
Area =
0.373 in
12.175 in"2
0.373 in
12.164 in"2
Table 3-2: Specimen El - End Thickness illl'iiSIlrClIll'II!S
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End 'A' End 'A' End 'B' End'B'
Perimeter thickness Ulrasonic thickness Ultrasonic
(in,) (in,) (in,) (in,) (in,)
1 2 3 4 5
0 0,369 0,371 0~69
2 0,367 0,361
4 0,367 0,369
6 0,366 0,371 0,368 0,367
8 0,37 0,37
10 0,367 0,372
12 0,362 0,328
14 0,363 0,308
16 0,368 0.295 0,297
18 0.369 0,361
20 0,369 0.367 0.371
22 0.37 0,369 0,367
24 0,36 0,362 0,371
26 0.366 0,367 0,371
28 0,37 0,377
30 0,364 0,368
32 0,367 0,37 0,371
tave=
Area =
0,367 in
11,962 in"2
0,359 in
11,710 in"2
Table 3-3: Specimcn Sl - End Thickncss tlICiI:"III'Cllll'JII"
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End 'A' End 'A' End'S' End'S'
Perimeter thickness Ulrasonic thickness Ultrasonic
(in.) (in.) (in.) (in.) (in.)
1 2 3 4 5
0 0.416 0.41 0.434 0.43
2 0.452 0.45 0.412 0.42
4 0.418 0.42 0.415 0.42
6 0.403 0.4 0.4 0.4
8 0.367 0.37 0.391 0.39
10 0.387 0.39 0.389 0.37
12 0.339 0.34 0.35 0.35
14 0.3 0.3 0.342 0.33
16 0.344 0.34 0.384 0.38
18 0.359 0.36 0.403 0.41
20 0.326 0.33 0.395 0.39
22 0.362 0.36 0.384 0.39
24 0.349 0.36 0.38 0.38
26 0.357 0.36 0.335 0.34
28 0.288 0.3 0.342 0.35
30 0.362 0.36 0.362 0.37
32 0.364 0.37 0.293 0.29
34 0.335 0.34 0.332 0.33
36 0.362 0.37 0.354 0.35
38 0.363 0.37 0.401 0.4
40 0.367 0.36 0.365 0.36
42 0.376 0.38 0.436 0.44
tave =
Area =
0.363 in
15.384 in"2
0.377 in
15.984 in"2
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End 'A' End 'A' End'S' End'S'
Perimeter thickness Ulrasonic thickness Ultrasonic
(in.) (in.) (in.) (in.) (in.)
1 2 3 4 5
0 0.442 0.444 0.444 0.444
2 0.44 0.44 0.449 0.44
4 0.438 0.43 0.442 0.44
6 0.448 0,.44 0.441 0.44
8 0.455 0.45 0.445 0.44
10 0.469 0.47 0.458 0.46
12 0.472 0.46 0.476 0.47
14 0.437 0.43 0.45 0.45
16 0.433 0.43 0.438 0.44
18 0.43 0.43 0.432 0.43
20 0.437 0.43 0.425 0.42
22 0.431 0.43 0.431 0.43
24 0.453 0.45 0.452 0.45
26 0.44 0.47 0.462 0.46
28 0.433 0.48 0.486 0.48
30 0.445 0.44 0.475 0.47
32 0.442 0.44 0.461 0.46
34 0.434 0.43 0.458 0.45
36 0.46 0.45 0.444 0.44
38 0.484 0.48 0.489 0.49
40 0.457 0.45 0.461 0.46
42 0.455 0.45 0.475 0.47
44 0.444 0.44 0.444 0.44
tave=
Area =
0.447 in
19.113 in"2
0.454 in
19.399 in"2
Table 3-5: Specimcn S2 - End Thickncss 1\1"i1SlII'C'llll'nls
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End 'A' End 'A' (1/4) pI (1/2) pI (3/4) pI End'B' End'B'
Perimeter thickness Ulrasonic Ult Ult Ult. thickness Ultrasonic
~n.) ~n.) (in.) ~n.) ~n.) (in.) ~n.) (in.)
1 2 3 4 5 6 7 8
0 0.392 0.39 0.41 0.41 0.42 0.43 0.43
2 0.404 0.41 0.41 0.41 0.43 0.423 0.42
4 0.415 0.42 0.42 0.42 0.43 0.432 0.44
6 0.434 0.44 0.44 0.44 0.45 0.45 0.45
8 0.432 0.44 0.43 0.43 0.43 0.434 0.44
10 0.45 0.45 0.45 0.46 0.45 0.457 0.46
12 0.443 0.47 0.48 0.48 0.48 0.478 0.48
14 0.437 0.44 0.45 0.46 0.46 0.475 0.47
16 0.423 0.43 0.43 0.44 0.43 0.427 0.43
18 0.422 0.42 0.42 0.43 0.43 0.419 0.42
20 0.441 0.44 0.43 0.43 0.43 0.417 0.42
22 0.475 0.47 0.46 0.47 0.47 0.462 0.46
24 0.462 0.46 0.46 0.48 0.48 0.475 0.47
26 0.43 0.44 0.45 0.46 0.46 0.45 0.45
28 0.427 0.43 0.42 0.43 0.43 0.404 . 0.41
30 0.438 0.44 0.44 0.45 0.45 0.446 0.45
32 0.428 0.43 0.43 0.44 0.43 0.422 0.43
34 0.433 0.43 0.42 0.42 0.42 0.41 0.41
36 0.435 0.44 0.44 0.43 0.43 0.427 0.43
38 0.452 0.45 0.46 0.44 0.45 0.445 0.45
40 0.45 0.45 0.46 0.45 0.46 0.465 0.47
42 0.418 0.42 0.43 0.44 0.44 0.452 0.45
tave =
Area =
0.434 in
18.565 inl\2
0.438 0.442 0.444 0.441 in
18.865 inl\2
Table :I-fi: Spc,illJ('1I B:I - Elld Thi,klll'.-~ ,\lcil.-III'l'IIII'!II.-
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End 'A' End 'A' End'S' End'S'
Perimeter thickness Ult. thickness Ult.
(in.) (in.) (in.) (in.) (in.)
1 2 3 4 5
0 0.427 0.43 0.427 0.43
2 0.452 0.45 0.436 0.44
4 0.461 0.46 0.459 0.45
6 0.445 0.44 0.469 0.47
8 0.4 0.4 0.448 0.45
10 0.413 0.41 0.41 0.41
12 0.425 0.42 0.4 0.43
14 0.454 0.45 0.452 0.45
16 0.459 0.46 0.482 0.48
18 0.44 0.43 0.471 0.47
20 0.41 0.41 0.453 0.45
22 0.431 0.43 0.449 0.45
24 0.416 0.41 0.448 0.45
26 0.416 0.41 0.437 0.44
28 0.424 0.42 0.427 0.43
30 0.454 0.44 0.439 0.43
32 0.457 0.46 0.466 0.47
34 0.44 0.44 0.469 0.47
36 0.427 0.42 0.448 0.45
38 0.424 0.43 0.439 0.44
40 0.436 0.44 0.425 0.43
42 0.45 0.45 0.436 0.44
tave =
Area =
0.435 in
18.603 in"2
0.445 in
19.034 in"2
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End 'A' End 'A' End '8' End'S'
Perimeter thickness Ulrasonic thickness Ultrasonic
(in.) (in.) (in.) (in.) (in.)
1 2 3 4 5
0 0.444 0.447 0.433 0.428
2 0.432 0.43
4 0.431 0.41 0.4
6 0.455 0.451 0.463
8 0.483 0.479 0.465
10 0.452 0.453 0.441 0.437
12 0.434 0.439
14 0.459 0.447
16 0.444 0.441
18 0.434 0.431
20 0.432 0.436
22 0.448 0.456
24 0.469 0.469
26 0.444 0.464
28 0.426 0.444
30 0.416 0.418 0.441
32 0.43 0.44 0.437
34 0.442 0.447 0.442
36 0.427 0.423 0.44
·38 0.447 0.459
40 0.476 0.475 0.471
42 0.473 0.47 0.465
44 0.442 0.432
tave =
Area =
0.445 in
19.043 in"2
0.446 in
19.095 in"2
Table 3-8: Spl'cill1l:'n S:l - Enel Thicklil'sS i\1t'i1SIII'l'IIII'111S
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End 'A' End 'A' End'S' End'S'
Perimeter thickness Ulrasonic thickness Ultrasonic
(in.) (in.) (in.) (in.) (in.)
1 2 3 4 5
0 0.397 0.4 0.364 0.37
2 0.391 0.361
4 0.401 0.4 0.367 0.38
6 0.4 0.36
8 0.33 0.33 0.374 0.37
10 0.373 0.376
12 0.382 0.38 0.381 0.38
14 0.378 0.372
16 0.384 0.38 0.369 0.37
18 0.382 0.373
20 0.378 0.358
22 0.377 0.38 0.351 0.37
24 0.372 0.361
26 0.376 0.36
28 0.372 0.37 0.358 0.37
30 0.372 0.363
32 0.375 0.37 0.367 0.37
34 0.384 0.364
36 0.379 0.38 0.375
38 0.381 0.37 0.37
tave =
Area =
0.379 in
13.844 in"2
0.366 In
13.384 in"2
Table 3-9: Specimen C4B - End Thickness Measurements
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Specimen Average Standard Calculated Column Column Calculated Average End
Load Deviation Weight Length Inside Dia. Thickness Thickness
Vottaae ofVottaae (Ibs.) (ft.) (in.) fin.) lin.)
1 2 3 4 5 6 7 8
C1 3.545 2.6% 834.0 24.50 10.00 0.309 0.314
S1 4.099 1.5% 964.5 24.50 10.00 0.356 0.360
C2 5.46 .46% 1307.9 23.10 13.13 0.392 0.415
C48 4.27 .6% 1019.8 21.70 12.00 0.356 0.355
Table 3-14: Weighing Procedure - Comparison of :\ \'t'r;Ig,l·<I 1':11<1 Thicklll'~~
alld \Veighing Calculaled Thicknl'~"
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Rockwell B Scale Average Average
Specimen Hardness Readings Average Fu(h) Fy(h) Fy(h) Fy(t)
Hardness (ksi) (ksi) (ksi) (ksi)
1 2 3 4 5 6 7
C1 83 83 84 83.3 78.3 54.81
82 83 83 82.7 n.4 54.18 54.5 40.9
D1 84 87 87 86 86.0 83 58.1
86 85 87 86.0 83 58.1 58.1 54.2
E1C 87 86 87 85 85 86.0 83 58.1
84 87 87 87 86 86.2 83.4 58.38 58.2 53.3
E1S 86 85 86 88 88 86.6 84.2 58.94
87 86 87 87 87 86.8 84.6 59.22 59.1 57
S1 88 86 87 87.0 85 59.5
87 87 87 87.0 85 59.5 59.5 54.4
C2 78 78 78 78.0 70 49
78 79 78 78.3 70.3 49.21 49.1 40.72
S2 76 n 76 76.3 67.6 47.32
77 nn n.o 69 48.3 47.8 40.46
80
Rockwell B 8cale Average Average
Specimen Hardness Readings Average FU(h) Fy(h) Fy(h) Fy(t)
Hardness (ksi) (ksi) (ksi) (ksi)
1 2 3 4 5 6 7
B3 75 78 78 79 80 78.0 70 49
74 76 76 78 80 76.8 68.6 48.02
E3C 79 80 80 81 82 80.4 73.8 51.66
82 82 83 83 83 82.6 77.2 54.04 52.9
E3S 78 7977 80 83 79.4 71.8 50.26
82 84 80 81 83 82.0 76 53.2 51.7 40.5
53 81 82 81 81.3 75.6 52.92 52.92 40.28
0
C4A 77 80 76 7777 77.4 69.4 48.58
63 62 63 62.7 53.7 37.59
C4B 6464 65 67 67 65.4 55.4 38.78
69 70 74 74 77 72.8 63.8 44.66 41.7 42.8
Table 4-2: Hardness - Salvaged Specimens in Series 3 and 4
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Average
Specimen Hardness Readings Average Fu(h) Fy(h) Fy(h) Fy(t)
Hardness ksi ksi ksi ksi
1 2 3 4 5 6 7
P1 74 75 76 75.0 66.5 46.55
71 72 72 71.7 62.7 43.89 45.2 42
P2 80 81 82 81.0 75 52.5
81 82 83 82.0 76 53.2 52.9 56.2
P3 88 89 88 88.3 87.6 61.32
8384 87 86 83 84.6 80.2 56.14
87 87 87 87.0 85 59.5
82 84 87 84 84.3 79.6 55.72 58.2 59.2
P4 8686 87 86.3 83.6 58.52
84 86 87 85.7 82.4 57.68
838383 83.0 78 54.6 56.9 54.3
Table 4-3: Hardness - Fabricat.ed Spec.imen,;
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Coupon Fy Fy Fu Fu Percent % Area
(static) (dynamic) (static) (dynamic) Elongation Reduction
ksi ksi ksi ksi
1 2 3 4 5 6 7
P1L 41.22 43.13 57.92 61.11 41.73 54.17
PH 42.70 44.05 61.60 65.37 37.47 53.97
P2L 55.32 57.13 67.47 70.73 36.80 64.37
P2T 57.13 58.84 68.44 71.78 34.11 63.50
P3L 59.17 62.02 82.40 87.39 30.07 49.27
P3T 59.30 61.09 81.69 86.23 32.47 54.67
P4L 53.37 57.41 61.66 72.75 33.43 60.50
P4T 55.32 57.62 67.07 72.14 32.70 57.57
C1 40.89 42.37 62.66 69.45 32.25 50.45
01 54.19 55.47 66.00 69.38 27.10 48.85
E1-C 53.27 55.39 65.97 68.57 25.57 51.20
E1·5 57.00 59.45 69.87 73.50 26.15 48.20
51 54.40 55.79 67.35 70.43 27.00 48.95
C2 40.72 42.39 69.72 74.10 33.25 50.75
S2 40.46 41.85 66.48 69.63 32.17 47.13
D3 43.95 45.28 65.24 69.43 34.80 46.45
E3 40.50 42.37 69.87 73.37 38.17 50.57
S3 40.28 41.87 67.73 71.48 33.75 49.85
C4B 42.85 44.32 50.04 52.91 28.75 55.90
Table 4-4: Tensile Coupons - Averaged \'rupnli,"
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Coupon Fy Fy Fu Fu Percent % Area
(static) (dynamic) (static) (dynamic) Elongation Reduction
ksl ksi ksl ksl
1 2 3 4 5 6 7
C1-1 41.09 42.61 63.59 70.05 332 50.4
C1-2 40.69 42.13 61.73 68.85 31.3 50.5
01-1 54.48 55.77 662 69.56 28.7 492
01-2 53.9 55.17 65.8 692 25.5 48.5
E1-TC1 52.9 55.17 65.3 68 23.7 49.8
E1-TC2 54.1 56.1 67.2 69.7 27.9 51.1
E1-TC3 52.8 54.9 65.4 68 25.1 52.7
E1·TS1
E1-TS2 56.6 59.4 69.4 73.32 25.9 48.9
E1·TS3 57.4 59.5 70.34 73.67 26.4 47.5
51·1 54.4 55.62 67.7 70.38 26.5 46.6
51-2 54.4 55.95 67 70.48 27.5 51.3
C2·1 40.89 42.39 70.5 74.3 35 51.7
C2-2 40.55 42.39 68.93 73.9 31.5 49.8
52-1 40.46 42.03 66.88 69.19 31 44.7
52-2 39.46 40.68 65.74 69.63 35.5 47.9
52-3 41.45 42.85 66.83 70.08 30 48.8
03-1 43.59 44.79 65.52 69.53 36 492
03-2 44.3 45.76 64.95 69.33 33.6 43.7
E3-T1 40.8 43.2 70.3 73.7 38.1 50.4
E3-T2 40.5 42.6 69.6 73.4 39.5 49.8
E3-T3 40.2 41.3 69.7 73 36.9 51.5
53-1 40.46 42.01 67.62 71.45 34.3 46.8
53-2 40.1 41.73 67.83 71.51 332 52.9
C48-1 43.8 45.06 52.37 55.63 29 51.4
C48-2 41.89 43.58 47.7 50.18 28.5 60.4
Table 4-5: Tensile Coupons - Salvaged Specimens
84
Coupon Fy Fy Fu Fu Percent % Area
(state) (dynamic) (staIlc) (dynamic) Elongation Reduction
ksi ksi ksi ksi
1 2 3 4 5 6 7
P1L·A 42.09 442 61.n 64.94 53.8 56.4
P1L·B 41.8 43.75 52.958 55.43 502 58.9
P1L-C 39.n 41.43 59.04 62.95 52.5 472
P1T-A 42.06 43.52 60.91 64.8 47.5 56.6
P1T·B 43.3 44.4 62.03 65.93 45.5 53.6
P1T·C 42.74 4424 61.87 65.37 47.5 51.7
P2L-A 54.11 56.02 6727 70.31 50.4 57.3
P2L-B 56.13 57.92 67.64 71.07 47 68.3
P2L·C 55.73 57.46 67.5 70.82 40.6 67.5
P2T·A 55.95 57.91 68.37 71.78 42.6 66
P2T-B 57.84 59.47 68.57 71.88 42.5 61.5
P2T·C 57.6 59.15 68.38 71.69 42.8 63
PSL-A 58.02 63 88.4 292 51.5
PSL·B 59.86 61.57 81.84 86.54 292 482
PSL·C 59.64 61.49 82.95 87.22 31.8 48.1
PST·A 59.1 60.78 80.96 85.35 322 54
PST·B 59.37 61.24 82.37 86.83 32.7 55.2
PST·C 59.42 61.24 81.73 86.5 32.5 54.8
P4L·A 52.81 56.53 61.11 73.1 33 59.7
P4L-B 53.4 57.59 82.41 73.6 33.5 60
P4L-C 53.9 58.12 61.45 71.56 33.8 61.8
P4T-A 55.9 58.9 66.09 74.12 32.8 60
P4T·B 53.37 55.57 65.98 69.68 29.7 55.9
P4T-C 56.68 58.4 69.13 72.61 35.6 56.8
Table 4-6: Tensile Coupons - Fabricated Specilliens
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Rockwell B Fu(h)
.Hardness (ksi)
1 2
83 78
82 76
81 75
80 73
79 71
78 70
77 69
76 67
74 66
73 64
72 63
71 62
70 60
69 59
68 58
67 57
66 56
65 55
64 54
62 53
61 52
60 51
59 50
57 49
56 48
Table 4-7: Rockwell Hardness (B Scale) Conversion Chart to Fu(h)
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Specimen Average Fu(h) Fu(t) Fy(t) Fy(t) Fy(t)
Hardness (ksi) (ksi) (ksi) / Fu(t) / Fu(h)
1 2 3 4 5 6 7
P1 73.4 64.6 og.5 42./ U./1 U.66
P2 81.5 75.5 68.0 57.1 0.84 0.76
P3 86.1 83.1 82.1 59.3 0.72 0.71
P4 85.0 81.3 64.4 55.3 0.86 0.68
C1 83.0 77.9 62.7 50.5 0.81 0.65
01 86.0 83.0 66.0 54.2 0.82 0.65
E1C 86.1 83.2 65.9 53.3 0.81 0.64
E1S 86.7 84.4 69.8 57.0 0.82 0.68
S1 87.0 85.0 67.4 54.4 0.81 0.64
C2 78.2 70.0 69.7 40.7 0.58 0.58
S2 76.6 68.2 66.5 40.5 0.61 0.59
03 82.2 76.4 65.2 44.0 0.67 0.58
E3S 70.7 75.5 65.4 40.5 0.62 0.54
S3 81.3 75.6 67.7 40.3 0.59 0.53
C4B 69.1 59.6 50.0 42.8 0.86 0.72
* Fu(h) is the Hardness Estimated Ultimate Stress
Fu(t) is the Tensile Coupon Measured Ultimate Stress
Fy(t) is the Tensile Coupon Measured Yield Stress
Table 4-8: C:ollq.larison of Hardness and Tellsile COUpOIl ['ropert i('~
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Tensile Coupon Tes1s Stub Column Tests
Specimen Dft Fy(t) Fu(t) Fy(s) Fy(s) Fu(s) Fu(s)
(static) (static) (static) (dymamic) (static) (dymamic
ksi ksi ksi ksi ksi ksi
1 2 3 4 5 6 7 8
P1-SC 57.69 42.70 61.60 38.34 39.20 42.12 43.18
P2-SC 45.41 57.13 68.44 56.26 57.32 57.17 58.47
P3-SC 76.32 61.09 86.23 55.79 56.97 56.29 57.40
P4-SC 95.18 55.32 67.07 48.07 49.48 48.07 49.48
E1-SC 27.68 57.00 69.87 50.00 51.72 59.49 60.56
S2-SC 30.74 40.46 66.48 40.05 41.18 54.09 55.30
E3-SC 30.96 40.50 69.87 40.73 41.80 55.90 57.98
C4B-SC 34.82 42.85 50.04 39.30 41.07 42.53 44.41
Table 5-1: Summary of Stub Column and Tensile Coupon Properties
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Spec. End D t L tube dent End OOS Fy Pexp Pexp
IGor On.) On.) (ft.) (in.) Ecc. On.) (ksi) (kips) / Py
On.)
1 2 3 4 5 6 7 8 9 10 11
P1P Pin 15 0.26 35.35 0.71 0.75 -0.30 42.7 328 0.627
15 0.26 35.29 0.74 0.37 42.7 415.5 0.794
Table 10-1: Specimens PIP and PIF - Comparison of Pin-Ended and Fixed-Ended Tests
Spec. End D t Ltube dent End OOS Fy Pexp Pexp
Con On.) On.) (ft.) (in.) Ecc. On.) (ksi) (kips) /Py
On.)
1 2 3 4 5 6 7 8 9 10 11
P2P Pin 17.03 0.375 34.85 2.37 0.66 57.1 516 0.450
P2F Rx 17.01 0.375 34.79 2.31 0.94 57.1 768 0.671
Table 10-2: Specimens P2P and P2F - Comparison of Pin-Ended and Fixed-Ended Tests
Spec. End D t Ltube dent End OOS Fy Pexp Pexp
Con On.) On.) (ft.) (in.) Ecc. On.) (ksi) (kips) /Py
On.)
1 2 3 4 5 6 7 8 9 10 11
IP3PA Pin 24.5 0.321 34.35 1.26 0.02 59.3 950 0.648
IP3PB Pin 24.5 0.321 34.35 3.64 0.30 59.3 620 0.423
Table 10-3: Specimens P3PA and P3PB - Comparision of Varied Dent Depth Tests
Spec. End D t L tube dent End OOS Fy Pexp Pexp
Con On.) On.) (ft.) (in.) Ecc. On.) (ksi) (kips) /Py
On.)
1 2 3 4 5 6 7 8 9 10 11
P4P Pin 18.75 0.197 31.35 2.58 0.98 55.3 283 0.441
Table 10-4: Specimen P4P Test Results
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Spec. End 0 t Ltube dent End COS Fy Pexp Pexp
leer On.) On.) (Il) On.) Eo::. On.) (ksij (kips) IPy
fin.\
1 2 3 4 5 6 7 8 9 10 11
P1 Pin 10.31 0.314 24.50 NlA 0.09 40.9 177 0.426
P1 Pin 10.36 0.36 24.50 1.60 0.80 54.2 188 0.296
~1 Pin 10.375 0.375 24.50 1.40 0.903 1.00 53.3 237 0.364
61 Pin 10.36 0.36 24.50 NlA 0.06 54.4 459 0.720
Table IG-5: Comparison of Series 1 Specimens Cl, Dl, El and 51 Test Results
Spec.I~ 0 t Ltube dent End COS Fy Pexp Pexp(in.) On.) (ft.) On.) Eo::. (in.) (ksij (kips) IPy
fin.\
1 2 3 4 5 6 7 8 9 10 11
P2 Pin 13.54 0.415 23.10 NlA 0.06 40.7 556 0.773
ls2 Pin 13.62 0.443 23.20 NlA 0.06 40.5 766 0.999
Table IG-6: Comparison of Series 2 Specimens C2 and S2 Test Results
Spec. Ene 0 t 'Ltube dent End COS Fy Pexp Pexplea On.) On.) (ft.) On.) Eo::. (in.) (ksij (kips) IPy
(in.)
1 2 3 4 5 6 7 8 9 10 11
i33 Pin 13.57 0.434 28.00 0.73 3.75 405 392 0.523
P3 Pin 13.55 0.444 28.00 2.12 0.26 44.0 444 0.535
~ Pin 13.59 0.439 28.00 1.82 2.202 0.59 40.5 337 0.444
53 Pin 13.55 0.445 28.00 NlA 0.35 40.3 690 0.904
Table IG-7: Comparison of Series 3 Specimens B3, D3, E:3 and 53 Test Results
Spec. Ene 0 t Ltube dent End COS Fy Pexp Pexp
ICor (in.) On.) (ft.) On.) Eo::. On.) (ksij (kips) IPy
(in.\
1 2 3 4 5 6 7 8 9 10 11
t:4a Pin 12.36 0.355 21.70 NlA 0.34 42.9 480 0.813
Table IG-8: Specimen C4B Test Results
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PulPy P analyala' P tHt
SPECIMEN TEST DENTA BCDENJ FE WBK DENTA BCDENT FE WBK
P1P 0.627 0.621 0.581 0.649 0.616 0.990 0.927 1.035 0.982
P1F 0.795 0.737 0.777 .
·
0.927 0.9n .
·
P2P 0.449 0.429 0.421 0.426 0.424 0.955 0.938 0.949 0.944
P2F 0.663 0.628 0.511 .
·
0.947 0.n1 .
·
P3PA 0.665 0.697 0.685 0.673 0.674 1.048 1.030 1.012 1.014
P3PB 0.424 0.453 0.382 0.424 0.482 1.068 0.901 1.000 1.137
P4P 0.437 0.403 0.323 0.349 0.419 0.922 0.739 0.799 0.959
C1 0.426 0.81 0.754 0.697
·
1.901 1.nO 1.636
·
01 0.298 0.365 0.42 0.347 0.356 1.225 1.409 1.164 1.195
E1 0.363 0.345 0.31 0.373 0.376 0.950 0.854 1.028 1.036
S1 0.719 0.742 0.82 0.708
·
1.032 1.140 0.985
·
C2 0.782 0.98 0.968 0.951
·
1.253 1.238 1.216
·
S2 1.018 0.983 0.973 0.958
·
0.966 0.956 0.941
·
B3 0.523 0.484 0.435 0.418
·
0.925 0.832 0.799
·
03 0.538 0.466 0.538 0.504 0.521 0.866 1.000 0.937 0.968
E3 0.444 0.322 0.363 0.399 0.513 0.725 0.818 0.899 1.155
S3 0.89 0.865 0.812 0.727
·
0.972 0.912 0.817
·
C4B 0.825 0.886 0.856 0.82
·
1.074 1.038 0.994
·
Table 11-1: Summary of Long-Column Tests and Analytical Methods
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Figure 5-7: Stub Column P2-SC - Axial Load vs. Gage Readings
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Figure 5-8: Stub Column P2-SC - Axial Load vs. Axial Shortening
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Figure 5-9: Stub Column P3-SC - Axial Load \'s. Gage Readings
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Figure 5-10: Stub Column P3·SC - Axial Load vs. Axial Shortening
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Figure 5-11: Stub Column P4-SC - Axial Load vs. Gage Readings
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Figure 5-12: Stub Column P4-SC - Axial Load vs. Axial Short.ening
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Figure 5-13: Stub Column El-SC - Axial Load vs. Gage Readings
E1-5C
0.90.80.3 0.4 0.5 0.6 0.7
AXIAL SHORTENING (in.)
0.20.1
6,u-r---,.-- ==---,.----...---...----...---...-----r-:::lli:r---.------,
~~ i
~~..dlb.s°f--iBH8tGii1r.:~:-:-::VlI-I _.. _.: _.. - .. _.. ~ -- .. _ ~ -- ~.. ,
, 0 0
, 0 0
, 0 0
, • 0
, 0 0
, 0 0
I I • I I I I I I
,_ -: f······ .. ·.:- -- f····· ·,·· - -. -r·· ··· .. · .. 1 . - ~ ..
I I I I I I I I
I I I I I I I I
I I I I I I I I
I I I I I I I I
I I I I I I
: : : o=10.37 In. :: :
---: -----:-.- --.-!..... t =0.375 In. ---:-·---·---r--·-- .. ·.. :- r-· .. ---- ..
: : : Olt =27.7 : : I :
I I I I I •
I I I I I •
I I I I I I I •
I I I I I I I I •
----~ .. -- --: --~ -.. _ :- -_ .. _ ~ .. _.. _.. _--~_ .. ----- --~ .. __ .. -- -~- --_ -- .. ~ _--~
I I I I I I I I •
I I I I I I I I •
I I I I I I I I •
I I I I I I I I •
I I I I I I I I •
I I I I I I I I ,
I I I I I I I I ,
I I I I I I I I •
- .. --- -,- .... ---- - -.-- - --- .. --,. -- .... - .-- ..... - - -- .. -- -,. .. -- .. --- .. .,- .. -- .. -- - "r"--" ...... ,- -- .. -- - .. -roo - .. - .... --
I I I I I I I I •
I I I I I I I I •
I I I I I I I I ,
I I I I I I I I •
I I I I I I I I •
I I I I I I I I •
I I I I I I I I •
I I I I I I I I •
1
Figure 5-14: Stub Column EI-SC - Axial Load vs. Axial Shortening
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Figure 5-15: Stub Column S2-SC - Axial Load ys. Gage Readings
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Figure 5-16: Stub Column S2-SC - Axial Load ys. Axial Shortening
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Figure 5-17: Stub COIUlIlll E:3-SC - Axial Load vs, Cage Readings
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Figure 5-18: Stub Column E3-SC: - Axial Load \'S. Axial Shortening
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Figure 5-19: Stub Column C4B-SC - Axial Load vs. Gage Readings
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Figure 5-20: Stub Column C4B-SC - Axial Load \'s. Axial Shortening
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Figure 6--1: Supports for Denting Procedure Checked on Small-Scale Specimens
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Figure 6-3: Load-Response For Denting of Specimens OJ and EJ
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Figure 6-4: Load-Response for Denting of Specimens 03 and E3
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Figure 6-5: Setup for Denting Specimens with Hydraulic Jack
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Figure 6-6: Load-Response For Denting Specimens PIP and PIF
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Figure 6-7: Load-Response for Denting Specimens P2P and P2F
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Figure 6-8: Load-Response for Denting Specimens P3PA and P3PB
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Figure 6-9: Load-Unload Response for Dent.ing Specimen P4P
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Figure 7-4: Location of Gages for Fabricated Pin-Ended Specirnens
125
Dent Side
Slotted
Hole
8
Une of
Applied Load
~0.75
Center Line
of Specimen
Specimen P1P
Dent Side
Line of
Center of Applied Load
End Plate /
Welded \ e~ _
Offse"! - \;--=i-=o=--=--1F---...-C=---=J---+-+----'Z- O,9
Center LIne Center Une
of Specimen of Speelmen
Specimen E1
Dent Side
o
Line of
Applied Load
e /
e- 22
------'\
Center Une
of Specimen
2.5
Center LIne +- 0
of Specimen I 0
Welded ~I 0Offset-l-=r-= =-
O,3
Center of '-o ---JO--
End Plate
Specimen E3
(All dimensions in inches)
figure 7-5: Geollletric End Eccentricity for Long-Coll/IIIII:' SJll'Cilll('n~ - I'll'_ [I iWei E:)
126
0.90.8
o
o
,
,
-_ ...... --~--_ ... -----
,
,
o
o
,
,
0.7
,
,
o
o
,
,
o ,
...... oo1'- --- •• , --
, 0
, ,
,
o
DIAL
02 OA OB O~
AXIAL SHORTENING (in.)
0.20.1
,
o
o
o
o
t·········~··········:··········~·········t·········t .
t • I I I
I I I I I
• I I I I
• I I I I
, I I I I
I I I I I I
................................. oJ -,_ .I. ..
I I I I I
I I I I I
1 I I I I
I I I I I
I I I I I
• I I I
I I I I I
.... -~._-_ ........ - ..... -- .......... ~- .J ..... ---i--- .. --_ ...... ~_ .... _-
o , 0
o 0 0
o 0
o ,
o ,
, 0
100
250
300
350~----r---....------.---....------.----r----,.~-~~~...,
: Specimen P1 P
o
o
·········~·········i·········~······
o 0
, 0
, 0
o 0
o 0
o 0 0
... _ -_ .. ~ -- - ..
o
o
o
o
o
o
o 0
.. --- .. --- .. ~--_ .... -- .... ,. .....
, ,
o 0
o 0
o 0
.
,
'Wi'
~200
Q
C5 150
..::l
Figure 7-6: Specimen PIP - Axial Shortening
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Figure 7-7: Specimen PIP - Lateral Deflection at Mid·Length
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Figure 7-9: Specimen P2P - Lateral Deflection at Mid-Length
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Figure 7-10: Specimen P3PA - Axial Shortening
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Figure 7-12: Specimen P3PB - Axial Shortening
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Figure 7-14: Specimen P4P - Axial Shortening
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Figure 7-15: Specimen P4P - Lateral DeDectioll at Mid.Length
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Figure 7-16: Specimen D1 - Axial Shortening
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Figure 7-17: Specimen D1 - Lateral Deflection at Mid-Length
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Figure 7-18: Specimen El - Axial Shortening
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Figure 7-19: Specimen EI - Lateral Deflection ilt Mid-Lrngth
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Figure 7-21: Specimen B3 - Axial Shortening
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Figure 7-22: Specimen B3 - Lateral Deflection at. Mid-Length
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Figure 7-23: Specimen D3 - Axial Short.ening
---- -} -. - - --
,
--,-------r------
, ,
, ,
, .
,
, ,
- - --- -,-- -- - --r---- - .. -
,
,
,
, , ,
--- - .. _ -t- _ .. .. -too __ .. __ __ __ .. ..
--"""':. ~-:.:. , , ,
, , ,
, , ,
, , ,
, , ,
.- ...... ---~---- -- -~ ----_ ..
, , ,
, , .
, , ,
, , ,
,
,
,
, , ,
__ .J .1. .... -' ..
, . ,
, . ,
, . ,
, , ,
, , ,
, ,
I I I I I I •
, , , '@}'I I I • • I I• I I I I I I I---,---- .... -.-- ... ----,-- .. -- ... , .... -- .. --.------ .. ---- .. -- --T OO "--_I , I I , I
I • I I. I I I
I • I I I I I
-- -. ~- ---. --i--..--~- -- --.. ~.-..... :;: -... _. -~.-. ----i---.--~--..
I I I I 'I I
I I I I I I I
I I I I I I I
I I I I • I I I ,
----~-------:------~-----._~-------:------~-------~-------~-------
I I I I I I I I
I I I I I I I I
I I I I I I , I
I I I I I I I •
- -- - - ~ - - - - - - - t - - - - - - -:- -- -- -- ~ - - -- - - -!- - -- - - -:- - - - - - -~ -- - -- - - t - -
I I I I I I I
• I • I I • •
• • • I I • I
• • • • , • I
• , I I I • t
-----,-------T------,-------,-------T------~-------,-- ----
I I I I I I I
I I I I I I ,
I I I I I I •
I I • I I I I
I , I I I I •
400
300
a;g, 250
Q
< 200o
..:l
4
LATERAL DEFLECTION (in.)
10 11 12
Figure 7-24: Specimen D3 - Lateral Deflection at Mid-Lengi.h
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Figure 7-25: Specimen E3 - Axial Shortening
121110
,
,
, ,
---, ,.- - ..
, ,
, ,
, ,
, ,
, ,
, ,
I I I I
.. ··T- - _ , .. _. ---,. .. _.. - ..
, ,
,
,
,
,
,
,
.... _--,.- .........
,
,
,
,
I I I I
- .. - ••• ~--_ .. - .... , ......... _ .. Too"
, , ,
, , ,
, ,
.
.
,
4
LATERAL DEFLECTION (in.)
,
,
,
,
,
,
,
_._ .... ,---
,
,
,
,
,
,
,
.. _- .. .,
,
,
250
3501-r---~---,r----.----.----.---.---.---....-----. ...... --,
Specimen E3
300
-~200
Q
~ 150
~
Figure 7-26: Specimen E3 - Lateral Deflection at Mid-Length
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Figure 7-32: Specimen P3PA - Pre- and Post-Test Surface Profiles
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Figure 7-36: Specimen P4P - Pre- and Post-Test Surface Profiles
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Figure 7-43: Specimen D3 - Pre-Test Surface Profile
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Figure 7-44: Specimen D3 - Pre- and Post-Test Surface Profiles
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Figure 7-45: Specimen E3 - Pre-Test Surface Profile
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Figure 7-46: Specimen E3 - Pre· and Post-Test Surface Profiles
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Figure 8-2: Specimen PI F - Axial Shortening·
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Figure 8-3: Specimen P1F - Lateral Deflection at Mid·Length
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Figure 11-27: Specimen C4B - Comparison of Test, BCDENT and DENTA
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